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SUMMARY 
Cancer development is a dynamic and long term process which involves many 
complex factors through critical steps of initiation, promotion and progression, 
leading to an uncontrolled growth of cancerous cells throughout the body. It is 
believed that dietary constituents derived from plant sources have the abilit\' to 
modify the process of carcinogenesis thus relating the food stuffs, beyond then-
basic nutritional benefits, to disease prevention. Consistent with this 
observation are the epidemiological findings associating high soy consumption 
with lower incidences of breast, prostate and colon cancer in Asian countries, 
particularly in Japan. It has been suggested that the isoflavone constituents 
provide at least part of the protective effect of soy food. Genistein, a 
predominant isoflavone present in soy has been shown to have potent 
anticancer properties both in vitro and in vivo. The 4'- O- methyl derivative of 
genistein, biochanin A which is a major isoflavone constituent in red clover 
{Trifolium pretense) has also been reported to possess cytotoxic properties 
against cancer cells. Various other polyphenolic compounds such as 
flavonoids, tannins, curcuminoids, gallocatechins, stilbenes and anthocyanidins 
have been implicated as chemopreventive agents. However, the mechanism by 
which these compounds inhibit proliferation and induce apoptosis m cancer 
cells has been the subject of considerable interest. In recent years several 
reports have documented that plant polyphenolics including genistein (from 
soybean) induce apoptosis in various cancer cell lines. Of particular interest is 
the observation that a number of these polyphenols including EGCG, gallic. 
resveratrol and genistein induce apoptotic cell death in various cell lines but not 
in normal cells. Most of the pharmacological properties of plant polyphenols 
are considered to reflect their ability to scavenge endogenously generated 
oxygen radicals or those free radicals formed by xenobiotics, radiation etc. 
However, some data in the literature suggests that antioxidant properties ol the 
polyphenolic compounds may not fully account for their chemopreventive 
effects. Most of the plant polyphenols possess both antioxidant as well as 
,jj^f**m'' 
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prooxidant properties and we have proposed that the endogenous copper 
dependent prooxidant cytotoxic action of polyphenohcs rather than antioxidant 
effect may be an important mechanism of their anticancer and apopiosis 
inducing properties. Copper is an important metal ion present in chromatin, 
closely associated with DNA bases particularly guanine and can be mobilized 
by metal chelating agents. It is one of the most redox active of the various 
metal ions present in cells. Several reports in the literature have shown that 
both serum and tumor copper levels in cancer patients are significantly 
elevated. Therefore, cancer cells may be more subject to electron rransfer 
between copper ions and polyphenols than normal cells to generate reactive 
oxygen species, leading to oxidative injuries beyond the reversible threshold 
The chemopreventive properties of genistein are well documented. In order to 
explore the chemical basis of the chemopreventive activity of genistein, in this 
thesis I have attempted to elucidate the mechanism of action of isoflavone 
genistein and also studied the structure-activity relationship between genistein 
and its methylated structural analog biochanin A. In chapter I, using 
fluorescence and absorption studies it has been shown that both the isoflavones 
are able to bind as well reduce copper ions. Further, they are able to bind to 
DNA as well. Isoflavones are also capable of degrading supercoiled plasmid 
pBR322, calf thymus and cellular DNA in the presence of copper ions. These 
results suggest that Isoflavone-Cu (II) system for DNA breakage is 
physiologically feasible and could be of biological significance. 
In chapter II, using a cellular system of lymphocytes isolated from human 
peripheral blood and alkaline single cell gel electrophoresis (Comet Assay). I 
have confirmed that isoflavone genistein and biochanin A are capable of 
mobilizing endogenous copper ions from lymphocytes, which in turn leads to 
the degradation of cellular DNA. Further using lysed version of Comet assa} it 
has been demonstrated that the DNA breakage induced by isoflavones involves 
nuclear copper as such DNA degradation is inhibited by copper chelaters 
(neocuproine / bathocuproine) but not by compounds that specifically bind iron 
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and zinc (desferrioxamine mesylate and histidine respectively), Lsing 
scavengers of reactive oxygen species, the study also shows that the cellular 
DNA breakage occurs through an oxidative process involving reactive ox\ gen 
species which act as proximal cleaving agents. 
In chapter III, using a permeabilized cellular system, the relative DN.\ 
breakage efficiencies of genistein and and its methylated structural analogue 
biochanin A has been compared with their relative antioxidant potential. It is 
shown that both genistein and its methylated derivative biochanin A are able to 
mobilize nuclear copper in permeabilized cellular system leading to 
degradation of cellular DNA. However the relative rate of DNA breakage was 
greater in the case of genistein. The antioxidant activity of the two isoflavones 
against tert-butylhydroperoxide (TBHP) induced oxidative breakage in 
lymphocytes demonstrated genistein to be more effective than biochanin A in 
providing protection against oxidative stress induced by TBHP. It would 
therefore appear that the structural features of isoflavones that are important for 
antioxidant properties are also the ones that contribute to their prooxidant 
action through a mechanism that involves redox cycling of chromatin-bound 
nuclear copper. 
In chapter IV, genistein has been shown to cause cell death in human breast 
cancer cells and that such cell death is prevented to a significant extent by 
copper chelator neocuproine. Based on the work presented in this thesis, I 
would like to conclude that mobilization of nuclear copper by plant 
polyphenols and the consequent prooxidant action could be one of the 
important mechanisms for their anticancer and chemopreventive properties 
Indeed such a common mechanism would better explain the anticancer effects 
of polyphenols with diverse chemical structures as also the preferential 
cytotoxicity towards cancer cells. 
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Summary 
SUMMARY 
Cancer development is a dynamic and long term process which invohes man\ 
complex factors through critical steps of initiation, promotion and progression, 
leading to an uncontrolled growth of cancerous cells throughout the bod>. It is 
believed that dietary constituents derived from plant sources have the ability to 
modify the process of carcinogenesis thus relating the food stuffs, beyond their 
basic nutritional benefits, to disease prevention. Consistent with this 
observation are the epidemiological findings associating high soy consumption 
with lower incidences of breast, prostate and colon cancer in Asian countries 
particularly in Japan. It has been suggested that the isoflavone constiments 
provide at least part of the protective effect of soy food. Geni stein, a 
predominant isoflavone present in soy has been shown to have potent 
anticancer properties both in vitro and in vivo. The A'- O- methyl derivative of 
genistein, biochanin A which is a major isoflavone constituent in red clover 
{Trifoliiim pretense) has also been reported to possess cytotoxic properties 
against cancer cells. Various other polyphenolic compounds such as 
flavonoids, tannins, curcuminoids, gallocatechins, stilbenes and anthocyanidins 
have been implicated as chemopreventive agents. However, the mechanism by 
which these compounds inhibit proliferation and induce apoptosis in cancer 
cells has been the subject of considerable interest. In recent years several 
reports have documented that plant polyphenolics including genistein (from 
soybean) induce apoptosis in various cancer cell lines. Of particular interest is 
the observation that a number of these polyphenols including EGCG. gallic. 
resveratrol and genistein induce apoptotic cell death in various cell lines but not 
in normal cells. Most of the pharmacological properties of plant polyphenols 
are considered to reflect their ability to scavenge endogenously generated 
oxygen radicals or those free radicals formed by xenobiotics, radiation etc 
However, some data in the literature suggests that antioxidant properties of the 
polyphenolic compounds may not fully account for their chemopreventive 
effects. Most of the plant polyphenols possess both antioxidant as well as 
prooxidant properties and we have proposed that the endogenous copper 
dependent prooxidant cytotoxic action of polyphenolics rather than antioxidant 
effect may be an important mechanism of their anticancer and apoptosis 
inducing properties. Copper is an important metal ion present in chromatin, 
closely associated with DNA bases particularly guanine and can be mobilized 
by metal chelating agents. It is one of the most redox active of the \arious 
metal ions present in cells. Several reports in the literature have shov.n that 
both serum and tumor copper levels in cancer patients are signilicantl> 
elevated. Therefore, cancer cells may be more subject to electron transfei 
between copper ions and polyphenols than normal cells to generate reactive 
oxygen species, leading to oxidative injuries beyond the reversible threshold 
The chemopreventive properties of genistein are well documented. In order to 
explore the chemical basis of the chemopreventive activity of genistein, in this 
thesis I have attempted to elucidate the mechanism of action of isollavone 
genistein and also studied the structure-activity relationship between genistein 
and its methylated structural analog biochanin A. In chapter I. using 
fluorescence and absorption studies it has been shown that both the isoflavones 
are able to bind as well reduce copper ions. Further, they are able to bind to 
DNA as well. Isoflavones are also capable of degrading supercoiled plasmid 
pBR322, calf thymus and cellular DNA in the presence of copper ions. These 
results suggest that Isoflavone-Cu (II) system for DNA breakage is 
physiologically feasible and could be of biological significance. 
In chapter II, using a cellular system of lymphocytes isolated from human 
peripheral blood and alkaline single cell gel electrophoresis (Comet Assay), 1 
have confirmed that isoflavone genistein and biochanin A are capable of 
mobilizing endogenous copper ions from lymphocytes, which in turn leads to 
the degradation of cellular DNA. Further using lysed version of Comet assay it 
has been demonstrated that the DNA breakage induced by isoflavones involves 
nuclear copper as such DNA degradation is inhibited by copper chelaters 
(neocuproine / bathocuproine) but not by compounds that specifically bind iron 
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and zinc (desferrioxamine mesylate and histidine respectively). Lsing 
scavengers of reactive oxygen species, the study also shows that the cellular 
DNA breakage occurs through an oxidative process involving reactive oxygen 
species which act as proximal cleaving agents. 
In chapter III, using a permeabilized cellular system, the relative DNA 
breakage efficiencies of genistein and and its methylated structural analogue 
biochanin A has been compared with their relative antioxidant potential. It is 
shown that both genistein and its methylated derivative biochanin A are able to 
mobilize nuclear copper in permeabilized cellular system leading to 
degradation of cellular DNA. However the relative rate of DNA breakage was 
greater in the case of genistein. The antioxidant activity of the two isoflavones 
against tert-butylhydroperoxide (TBHP) induced oxidative breakage in 
lymphocytes demonstrated genistein to be more effective than biochanin A in 
providing protection against oxidative stress induced by TBHP. It would 
therefore appear that the structural features of isoflavones that are important tor 
antioxidant properties are also the ones that contribute to their prooxidant 
action through a mechanism that involves redox cycling of chromatin-bound 
nuclear copper. 
In chapter IV, genistein has been shown to cause cell death in human breast 
cancer cells and that such cell death is prevented to a significant extent by 
copper chelator neocuproine. Based on the work presented in this thesis. I 
would like to conclude that mobilization of nuclear copper by plant 
polyphenols and the consequent prooxidant action could be one of the 
important mechanisms for their anticancer and chemopreventive properties 
Indeed such a common mechanism would better explain the anticancer effects 
of polyphenols with diverse chemical structures as also the preferential 
cytotoxicity towards cancer cells. 
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INTRODUCTION 
PolyphenoHc nutraceuticals in chemoprevention 
A nutraceutical is defined as a food or part of a food that provides medical or 
health benefits, including the prevention or treatment of a disease 
Epidemiological studies have consistently shown that diet pla>s a 
crucial role in the protection against chronic diseases (Willett, 1994; 
Temple, 2000). Consumption of fruits and vegetables as well as grains, 
has been strongly associated with reduced risk of cardiovascular 
diseases, cancer, diabetes, Alzheimers disease, cataract and age related 
functional decline (Willett, 1994; Willett, 1995; Temple, 2000;. It is 
believed that dietary constituents derived from plant sources have the ability to 
modify the disease process thus relating the food stuffs, beyond their basic 
nutritional benefits, to disease prevention [Roger 1993; Thomasset, 2007] 
Heart diseases, cancer and stroke are the top three causes of death in 
most industrialized countries. It is estimated that one third of all cancc 
deaths can be avoided through appropriate dietary modifications (Doll 
and Peto, 1981; Willett, 1995). Thus convincing evidence suggests that 
a change in dietary behaviour such as increasing the consumption of 
fruits and vegetables is a practical strategy for significantly reducing the 
incidence of chronic diseases. 
Foods and beverages from plant sources are rich in their content of a 
class of nutraceuticals known as polyphenols. Plants have an almost 
limitless ability to synthesize aromatic substances, most of which are phenols 
or their oxygen substituted derivatives (Geissman, 1963). Most are secondary 
metabolites, of which at least 12000 have been isolated, a number estimated to 
be less than 10% of the total (Schultes, 1978). In many cases these substances 
serve as plant defense mechanism against predation by microorganisms, insects 
and herbivores. Polyphenols are widely distributed plant derived dietaiy 
constituents and have been implicated as the active components in a number of 
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herbal and traditional medicines (Wollenweber, 1988). Several of them are 
known to possess a wide spectrum of pharmacological properties (Beretz ct al . 
1977). Polyphenols exhibit several biological effects such as antiinflammaton, 
anti-microbial, anti-carcinogenic, anti-HIV, cardioprotective and 
neuroprotective influences. However, more and more evidence suggests 
that the benefits of antioxidant phytochemicals in fruits and vegetables 
may be even greater than is currently understood because oxidative 
stress induced by free radicals is involved in the etiology of a wide 
range of chronic diseases (Ames et al., 1991). Oxidative stress can cause 
damage to large biomolecules such as proteins, lipids and DNA resulting 
in an increased risk of cancer and cardiovascular diseases (Ames et al . 
1991; Ames et al., 1993; Liu et al., 1995). To prevent or slow down the 
oxidative stress induced by free radicals, antioxidants in sufficient 
amounts are needed to be consumed. Fruits and vegetables contain a 
wide variety of secondary metabolites that possess antioxidant 
properties. These include polyphenols and carotenoids that ma\ help 
protect cellular systems from oxidative damage and also lower the risk 
of chronic diseases. There has been considerable scientific evidences 
(epidemiological and experimental) accumulated over the past three 
decades, indicating that modification in life style (including diet) can 
have a major effect on the risks of numerous cancers (Martinez and 
Giavanucci, 1997). Of particular relevance is the consistent cancer 
protective effect reported for individuals consuming high quantities of 
fruits and vegetables compared to those with low intakes. The cancer-
inhibitory action of a variety of human nutrients derived from plants as 
well as non-nutritive plant derived constituents (phytochemicals) has 
been confirmed in different animal tumor models (Dragsted et al. 1993; 
Pezzuto, 1996) and has led to an increased emphasis on cancer 
prevention strategies in which these dietary factors are utilized There 
are two major diet related prevention strategies that have been involved 
in combating cancer, i.e. cancer chemoprevention and dietary 
prevention, with an appreciable overlap existing between them 
Generally, cancer chemoprevention is recognized as the pharmacological 
intervention with synthetic or naturally occurring chemicals to prevent. 
inhibit or reverse carcinogenesis or prevent development of in\asi\e 
cancer (Kelloff et al., 1997; Mayne and Lipman, 1997). On the other 
hand dietary prevention is recognized as the changes in food 
consumption pattern necessary to reduce the risk of cancer development 
(Goodman, 1997). Plant derived polyphenolic compounds are important 
constituents of human diet which include quercetin, delphinidin and 
resveratrol from red grapes and red wines, curcumin from spice 
turmeric, epogalocatechin-3-gallate from green tea and isoflavonc 
genistein from soybean. These are known to possess a wide range of 
pharmacological properties including anti inflammatory 
cardioprotective, neuroprotective and anticancer (Szewczuk et al, 2004, 
Dai et al., 2006; Thomasset et al., 2007; Ullah and Khan, 2008). 
Chemical structure and basic classification of flavonoids 
Flavonoids are the major polyphenols derived from a wide variety of plant 
sources. The basic structure of flavonoids contains a heterocyclic skeleton of 
flavan (2- phenylbenzopyrane). The structure is represented by a benzene ring 
(A), condensed with a heterocyclic six membered pyran or pyrone ring (C ), 
which in the 2 or 3 position carries a phenyl ring (B) as a substituent. The 
constituent polyphenolic units are derived from the secondary plant metabolism 
of the shikimate pathway (Dewick, 1995). Flavonoids are often hydroxylated at 
positions 3, 5, 7, 2\ 3', 4', 5'. Usually in the plant system, these flavonoids 
exist in conjugated forms, the most common being the glycosides When 
glycosides are formed, the glycosidic linkage is normally located at position 3 
or 7 and the carbohydrate moiety can be L-rhamnose, D-glucose. gluco-
rhamnose, galactose or arabinose (Middleson, 1984). 
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Table I gives a classification of flavonoid subclasses along with then 
important members that are known to carry pharmacological properties. 
Table I: General chemical structure of different subclasses of flavonoids with 
their important constituent members 
Subclass 
Flavonols 
Flavanones 
Flavones 
Flavanols 
Isoflavones 
Anthocyanidins 
General Chemical 
structure 
a« o 
MO. 
,ON 
OH 0 
t>H i> 
OH 0 
0*« 
Bioactive constituents 
Quercetin , Rutin 
Hesperidin, Naringenin 
Apigenin, Luteolin 
Catechins, Epicatechins, 
EpigalIocatechin-3-
gallate (EG( G) 
Genistein, Biochanin A 
Delphinidin, Malvidin 
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Biosynthesis of plant polyphenols 
Polyphenolic compounds are produced as secondary metabolites in 
higher plants. These compounds execute a vast array of important 
functions in plants (Croteu et al., 2000). For example stilbenes and 
coumarins serve to defend pathogen attacks, flavonoids act as UV 
irradiation protectents while isoflavone and anthocyanins serve as 
flower pigments. 
The majority of polyphenolic compounds produced by plants are 
synthesized by a highly branched phenylpropenoid pathway. The initial 
compound is cinnamic acid, which arises from phenylalanine by the 
action of PaL (Phenyl-ammonia lyase). Several simple polyphenols with 
the basic C6-C3 skeleton of phenylalanine are produced from cinnamate 
via a series of hydroxylation, methylation and dehydration reactions 
these include p-coumaric acid, caffeic acid, ferulic acid, siapic acids and 
other simple coumarins (Dixon et al., 1995). In addition, compounds 
such as styrenes, benzoic acid and derivatives, acetophenones and 
gingerols arise from hydroxycinnamic acid by chain shortening and 
lengthening without ring formation. Tetrahydroxychalcone provides the 
precursor for all classes of flavonoids, which include the flavones, flavonols, 
flavan-diols, flavan-4-ols, isoflavonoids and anthocyaninidins. 
Figure 1 gives the biosynthetic pathway of tetrahydroxychalcone, the basic 
structural skeleton for the biosynthesis of flavonoids. 
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.OH 
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Flavonols 
Flavanones 
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Isoflavones 
Anthocyanidins 
PAL (Phenyl-ammonia lyase); C4H (Cinnamate-4-hydroxylase); TAl 
(Tyrosine- ammonia lyase); 4CL( 4-coumaryl lyase) 
Figure 1: Biosynthesis of plant polyphenols 
9niro/(4otion 
Bioavailability and Sources of dietary polyphenols 
For any chemical moiety to exert a biological effect, it should be bioavailable 
i.e. it must be readily absorbed into the bloodstream and reach concentiations 
that have the potential to exert effects in vivo. Most of the polyphenols are 
known to be readily absorbed (Scalbert and Williamson, 2000; Rowland. 2003) 
but are prone to be modified into other forms inside biological systems, one 
such common chemical modification being conjugation (Lambert et al, 2005) 
Curcumin undergoes metabolic 0-conjugation to curcumin glucuronide and 
curcumin sulfate and bioreduction to tetrahydrocurcumin, hexahydrocurcumm, 
and hexahydrocurcuminol in rats and mice in vivo and in suspensions oi human 
and rat hepatocytes (Ireson et al, 2001). Certain curcumin metabolites, such as 
tetrahydrocurcumin, possess anti-inflammatory (Mukhopadhyay et al, 1992) 
and antioxidant activities (Sugiyama et al, 1996) similar to those of then-
metabolic progenitor. Dietary resveratrol is rapidly absorbed and 
predominantly present in plasma as glucoronide and sulphate conjugates W hen 
administered in food, such as wine or grape juice, resveratrol metabolism is 
significantly inhibited by other polyphenols due to competitive reactions with 
metabolizing phase 11 enzymes resulting in an increased concentration of the 
free form (Wenzel and Somoza, 2005). Isoflavones such as genistein are also 
known to undergo conjugation with glycosides and is metabolized m human 
intestine to dihydrogenistein and 6'-hydroxy-0-desmethylangolensin 
Concentration of genistein has been shown to be higher in individuals 
consuming soy rich diet (Adlercreutz et al., 1993) and consequently genistein 
and its metabolites have been detected in plasma, breast aspirate and prostatic 
fluid (Mills et al, 1989). Similarly, other polyphenols are also known to be 
absorbed and metabolized into various end products which may or may not 
posses the biological effects of the parent compound. 
Table II and Fig 2 summarize the major sources and bioavailable forms of 
various popular dietary polyphenols. 
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Table II: Major dietary polyphenols, their bioavailable forms in plasma and 
their major food sources 
Polyphenols Major dietary 
forms 
Bioavailable 
forms in plasma 
Common food 
sources 
Anthocyanidins 
Cyanidin 
Delphinidin 
Malvidin 
Glucosides 
Berries, red and 
purple grapes, red 
wine 
Flavanols Monomers 
Catechin 
Epicatechin 
EGCG 
Polymers 
Proanthocyanidins 
Methyl, sulphate 
or glucuronic 
acid conjugates. 
EGCG occurs in 
the unconjugated 
form 
Dimers 
Tea (particularly 
green tea), Apples 
pears, raspbenies. 
chocolate 
Flavonols Quercetin, Rutin 
Methyl, sulphate 
or glucuronic 
acid conjugates 
Onions, apples, 
broccoli, tea, hemes 
Isoflavones 
Genistein, 
Daidzein, 
Biochanin A 
Sulphates or 
glucuronides 
conjugates. Also 
occur as 
glycosides and 
agly cones 
Soybeans, soy foods, 
legumes 
Stilbenes Resveratrol 
Glucuronides, 
Sulphate 
conjugates. 
Unconjugates are 
also present as 
product of 
fermentation 
Purple grapes, red 
wine, peanuts, 
benies 
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Grapes 
HO 
OH 
OH 
Resveratrol 
Green tea 
HO 
OH 
OH 
OH ' ^ " ^ ^OH 
OH 
OH 
OH 
EGCG 
OH O 
Soybean 
Genistein 
O OH 
OCH3 H3CO 
Turmeric 
Curcumin 
Figure 2: Sources of Dietary Polyphenols 
Therapeutic potentials of plant derived polyphenolic compounds 
An insight into the investigations, both in vitro and in vivo, reveals the 
properties of plant polyphenols that can form the basis of their use in the 
prevention and cure of several disorders. Some of the important therapeutic 
properties of plant-derived polyphenols with strong evidence from the existing 
literature have been discussed below. 
Cardioprotective properties 
A longstanding tenet of nutrition holds that people with diets rich in fruits and 
vegetables enjoy better health than those eating few. Much of current research 
shows that free radicals are linked to various chronic diseases. As a result 
dietary antioxidants hold promise in at least delaying the onset/progression of 
these diseases. 
The "French Paradox" - the observation that mortality from coronaiy heart 
disease is relatively low in France despite relatively high levels of dietaiy 
saturated fat, led to the idea that regular consumption of red wine (rich source 
of polyphenols) might provide additional protection from cardiovascular 
diseases (Criqui and Ringel, 1994). Regular, moderate consumption of red wine 
is linked to a reduced risk of coronary heart disease. Resveratrol, a red wine 
polyphenol has been linked to a number of potentially cardioprotective effects 
(Szewczuk et al., 2004). Anthocyanidins have also been found to have 
antioxidant potential (Falchi et al., 2006) Studies suggest that EGCG can 
suppress reactive oxygen species and thereby prevent the development o1" 
cardiac hypertrophy (Li et al., 2006). 
Endothelial dysfunction is involved in the initiation and progression oi' 
arteriosclerosis. Some polyphenols have been shown to relax endothelium-
denuded arteries. There have been reports that extracts from grape and wine 
induce endothelium-dependent relaxation via enhanced and/ or increased 
biological activity of nitric oxide (NO) which leads to the elevation of cGMP 
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levels (Andriambeloson, 1997). Resveratrol has been found to promote 
vasodilation by enhancing the production of NO (Wallerath et al, 2002) 
Genistein, one of the major isoflavones in soy protein, binds to estiogen 
receptor (3 with much higher affinity than to ERa (Kuiper et al., 1998) and can 
elicit endothelium dependant vasorelaxation in vitro (Figtree et al., 2000) and in 
vivo (Walker et al., 2001). Other isoflavones such as dihydrodaidzeins have 
also been reported to enhance endothelial function (Shen et al., 2006) 
Flavonoids have also been found to be good hypochlorite scavenger in viiro 
and could have favorable effects in diseases such as atherosclerosis, in which 
hypochlorite is known to play a significant role (Firuzi, 2004). Increase in LDl, 
is taken as a parameter for the occurrence and susceptibility to cardiovascular 
diseases. Polyphenols such as dicvertin have been reported to produce a 12% 
decrease in LDL along with a 14% increase in HDL in coronaiy heail disease 
patients (Belaia et al, 2006). Lipid-lowering activity has also been repomed m 
tea flavonoids (Li et al, 2006). 
In the prevention of cardiovascular diseases, many of the observed effects of 
polyphenols, can therefore, be attributed to their recognized antioxidant and 
radical scavenging properties, which may delay the onset of atherogenesis by 
reducing chemically and enzymatically mediated peroxidative reaction 
(German and Walzem, 2000). 
Neuroprotective properties 
Neurodegenerative disorders are a heterogeneous group of diseases of the 
nervous system, including the brain, spinal cord and peripheral nerves, which 
have different aetiologies. The multifactorial etiology of these diseases 
suggests that interventions having multiple targets such as polyphenols could 
have therapeutic potential for them. Moreover, epidemiological studies indicate 
that dietary habits and antioxidants from diet can influence the incidence of 
neurodegenerative disorders such as Alzheimer and Parkinson's diseases 
(Morris et al., 2002). The nervous system is rich in fatty acids and iron. High 
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levels of iron can lead to oxidative stress via the iron-catalyzed formation of 
ROS (Bauer and Bauer, 1999). In addition brain regions that are rich in 
catecholamines are vulnerable to free radical generation. One such region of 
the brain is the substantia nigra, where a connection between antioxidant 
depletion and tissue degeneration has been established (Perry et al., 2002). 
There is substantial evidence that oxidative stress is a causative or at least an 
ancillary factor in the pathogenesis of many neurodegenerative diseases. 
including Alzheimer's disease (AD), Parkinson's disease (PD), Amyotrophic 
lateral sclerosis (ALS) (Ghadge et al., 1997), Huntington's disease (HDi and 
Schizophrenia (Philips et al., 1993) Flavonoids exhibit biological effects such 
as anti-inflammatory, antioxidant and metal chelating properties, which 
augment their role in neuroprotection. Reports also suggest that red wine that 
contains high levels of antioxidant polyphenols reduces the incidence oi AD 
(Wang J et al., 2006). Polyphenols such as EGCG, curcumin, extiacts of blue 
hemes and Scutellaria are also known to help in AD (Dai et al, 2006) In viiro 
studies show that green tea extract rich in catechins could protect neurons from 
the amyloid beta-induced damages in AD (Bastianetto et al., 2006). EGCG is 
also found to be of use in ALS (Xu et al., 2006) and PD (Ramassamy. 
2006).Extract of Scutellaria stem and polyphenols such as curcumin and 
naringenin also exhibit neuroprotection in PD (Shang et al., 2006). Alzheimer's 
disease is characterized by chronic inflammation and oxidative damages in the 
brain. Curcumin posses antioxidative and anti inflammatory properties and has 
thus been shown to exert a protective effect against oxidative damages initiated 
by divalent metals or suppress inflammatory damage by preventing metal 
induction of NF-kB and also inhibits amyloid beta fibril formation (Kim et al.. 
2005). Dietary polyphenols have potential as protective agents against neuronal 
apoptosis, through selective actions within stress activated cellular responses 
including protein kinase signaling cascade (Schroeter et al, 2006). Several 
dietary supplements with blueberries extracts have been reported to reduce 
some neurological deficits in aged animal models. Bluebenies are a rich source 
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of polyphenols such as catechins, epicatechins and anthocyanins. Recent 
studies investigating the effect of polyphenols in cognitive performance have 
demonstrated that dietary supplementation with bluebenies extracts reversed 
cognitive deficits in Morris water maze performance test and Y-maze test in 
aged mice models (Joseph et al., 1999; Joseph et al., 2003). 
Anticancer properties 
Many polyphenols from plant sources are recognized as naturally 
occurring antioxidants and have been implicated as anticancer 
compounds (Mukhtar et al., 1998). Several reports have documented that 
plant polyphenolics, including curcumin, resveratrol and gallocatechins 
such as gallic acid, epigallocatechin, epicatechin-3-gallate and 
epigallocatechin-3-gallate (EGCG) induce apoptosis in various cancer 
cell lines (Jaruga et al., 1998, Clement et al., 1998; Inoue et al,, 1994). 
Gallocatechins are constituents of green tea, the consumption of which 
is considered to reduce the risk of various cancers such as those of 
bladder, prostate, esophagus and stomach (Ahmad et al.. 1997). 
Resveratrol is present in human dietary materials such as peanuts, 
grapes, mulberries and beverages, such as red wine. Of particular 
interest is the observation that a number of these polyphenols including 
epigaIlocatechin-3-gallate, gallic acid and resveratrol induce apoptotic 
cell death in various cancer cell lines but not in normal cells (Inoue et 
a l , 1994; Ahmad el al., 1997; Clement et al., 1998). 
Numerous studies have reported flavonoid mediated antiproliferative 
effects against human and rodent ovarian, leukemic, intestinal, lung, 
breast, bladder and prostate cancer cells. For example, quercetin (10 
\M) strongly suppresses transformed OVCA 433 human ovarian cancer 
cell growth. Moreover, quercetin inhibits normal proliferation m 
cultured primary ovarian adenocarcinoma tumor cells (Scambia et al., 
1994 a, b). At low concentrations, quercetin inhibits DNA synthesis 
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(IC50 10 i^ M) and growth (IC50 7.7 |aM) in HL60 human promyelocytic 
leukemia cells (Uddin & Chawdhury, 1995; Kang & Liang, 1997) The 
citrus flavonoid tangeretin suppresses HL60 proliferation (measured as 
tritiated thymidine incorporation into DNA) even more strongly, with an 
IC50 of 0.17 |j,M (Hirano et al., 1995). Curcumin, a natural phenolic 
compound found in spice turmeric, has been shown to have antiproliferative 
action against colon cancer, breast cancer and myeloid leukemia (Tsvetkov et 
al., 2005; Maheshwari et al., 2006). Antitumor activity of curcumin is believed 
to be in pai1 due to its ability to block the NF kappa B pathway (Singh et al., 
1995). Other studies have shown that curcumin inhibits cell growth and induces 
apoptosis in MCF-7, a human breast carcinoma cell line thiough modulation of 
insulin-like growth factor-1 (IGF- 1) system, including IGFs (lGF-1 and IGF-
2), IGF-IR (IGF-1 receptor) and IGFBPs (IGF binding proteins), which have 
been implicated to play a critical role in the development of breast cancer (Xia 
et al., 2007). Resveratrol, the phenol antioxidant found in berries and grape.s 
has been reported to posses anticancer properties (Aggarwal et al, 2004) and is 
able to inhibit the growth of prostate tumors by acting on the regulatory genes 
such as p53 (Narayanan, 2006). Androgen independent DU145 human prostate 
cancer cells manifest resistance to radiation-induced apoptotic death (Yacoub 
et al., 2001). Scarlatti et al (2007) have reported that pre-treatment with 
resveratrol significantly enhances radiation induced cell death in DL 145 cells 
Further the capacity of certain dietary polyphenols to protect against 
either chemically induced or spontaneous formation of tumors in 
animals is well established. For example, quercetin administered to rais 
in combination with dimethyl-benz-(a)-anthracene (DMBA) or N-
nitrosomethylurea (NMU) reduced the incidence and multiplicity of 
carcinogen induced mammary tumor by 30 % and 50 % respectively 
(Verma et al., 1988). Quercetin and luteolin (10 g/Kg diet) decreased 
fibrosarcoma incidence (52 % and 60 % respectively) and tumor size m 
male Swiss albino mice following treatment with the model chemical 
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carcinogen 20-methylcholanthrene (Elangovan et al., 1994). Quercetin 
(20 g/Kgb.w) also increases the survival and reduces the tumor burden 
of mice transplanted intrasplenically with ML-3 hepatoma cells (Chi et 
al.,1997). The citrus flavonoid naringenin inhibits the m vivo 
development of DMBA induced mammary tumors in Sprague-Dawley 
rats (So et al., 1996).Several studies have described a protective effect 
of tea polyphenols against carcinogenesis. Rats fed on a diet containing 
10 g green tea catechins/kgb.w have a considerably reduced mortality (7 
% reduced mortality) from mammary tumors following DMBA treatment 
compared with rats given carcinogen alone (66 %) (Hirose et al.,1994). 
Similarly hamster fed on green tea polyphenols display fewer 
hyperplastic pancreatic duct lesions after treatment with N-nitrosobis (2-
oxopropyl) amine (Majima et al., 1998). In a comprehensive study. 
Yang et al (1998) described the ability of both green and black tea 
infusions to inhibit N-nitrosodiethyl-amine-induced lung carcinogenesis 
in mice model. 
In addition to their potential as anticancer agents, an important role of plant 
polyphenols as natural modulators of cancer multidrug resistance (MDR) has 
been documented (Ullah, 2008). Resistance of recurrent disease to c>totoxic 
drugs is the principal factor limiting long-term treatment success agamst 
cancer. Flavonoids have been found to inhibit breast cancer resistance protein 
(BCRP), an ABC transporter, which plays an important role in dmg disposition 
leading to chemoresistance in breast cancer (Shuzhong et al., 2005 . 
Isoflavones such as biochanin A, daidzein (Chung et al, 2005) and green tea 
polyphenol EGCG (Feng et al, 2005) have also been shown to exhibit ami 
MDR activities in various drug resistant cancer cell lines, such as doxorubicin 
resistant KB-Al cells through the inhibition of P-glycoprotein transporters, 
Curcumin has been reported to induce apoptosis in chemoresistant ovarian 
cancer cell lines SK0V3 and ES-2 (Wahl et al., 2007). 
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Isoflavones 
Dietary isoflavones, a subclass of flavonoids, are the focus of much of the 
recent interest in the nutritional benefits of soy foods as these phytoestiogens 
occur in relatively high concentrations in soybeans (Coward et al., 1993; 
Setchell and Cole, 2003) and have been implicated as protective agents m a 
number of diseases (Fig 3). There are multiple lines of compelling evidence 
from several epidemiological studies supporting a positive association between 
dietary soy consumption and the risk of cancer. A cross-national study 
involving 50 countries identified soy products as functional foods with 
substantial protective effects against prostate cancer (Herbert et al., 1998) It is 
well documented that Asian women consuming relatively large amounts of 
soy-derived foods have a low incidence of breast cancer (Adlercreutz et al, 
1991; Lee et al., 1991), which is less evident among the second generations of 
Asian immigrants to the USA who have started adopting a Western-style diet 
(Ziegler et al., 1993). Furthermore, urinary levels of soy-derived isoflavones 
including genistein were lower in breast cancer patients compared with case-
controls (Ingram et al., 1997; Zheng et al., 1999). Moreover, soy isoflavones 
have been found not only to decrease the risk of breast and prostate cancers, 
but also to inhibit the growth of other types of cancers, including leukemia, 
lymphoma, lung, and head and neck cancer cells (Spinozzi et al., 1994; 
Constantinou and Huberman 1995; Davis et al, 1998; Lian et al., 1998; 
Alhasan et al., 1998; Li et al., 1999; Upadhyay et al., 2001). An association 
between dietary soy intake and the lower incidence of endometiium cancer has 
also been documented (Goodman et al., 1997). 
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Figure 3: Proposed targets for beneficial effects of dietary genistein or a high 
soy diet on human health (from Dixon RA and Feneira D. Genistem. 
Phytochemistry 2002; 60:205-211) 
Biosynthesis, metabolism and bioavailability of isoflavones 
Biosynthesis 
Isoflavones are a subclass of the more ubiquitous flavonoids. The basic 
structural feature of flavonoid compounds is the flavone nucleus, which 
comprises two benzene rings (A and B) linked through a heterocyclic pyrane C 
ring. The position of the benzenoid B ring differentiates the isoflavonoids (3-
position) from the rest of the subclasses of flavonoids (2-position). The popular 
isoflavones are genistein (4',5,7-trihydroxyisoflavone) and daidzein (4',7-
dihydroxyisoflavone), their respective beta-glycosides, genistin and daidzm 
(sugars being attached at the 7 position of the A ring) present predominantly m 
soybean and 4'-methylether derivative of genistein, biochanin A (5,7-
dihydroxy-4'-methoxyisoflavone) which is present in legumes most notably red 
clover {Trifolhim pratense) (Fig 4) 
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OH O OCH3 
BIOCHANIN A 
Figure 4: Chemical structures of soy isoflavone genistein and red clover 
isoflavone biochanin A 
Isoflavones have a basic skeleton of 3-phenylchronian biogenetically derived 
by an aryl migration mechanism from the 2-phenylchroman skeleton of 
flavones [Harbome, 1988]. For entry into the isoflavonoid pathway, the flavoiie 
first undergoes abstraction of hydrogen radical at C-3 followed b\ B-ring 
migration from C-2 to C-3 and subsequent hydroxylation of the resulting C-2 
radical. This reaction requires NADPH and molecular oxygen, and is catalyzed 
by a microsomal cytochrome P450 enzyme (2- hydroxyisoflavanone synthase). 
The resulting 2- hydroxyisoflavanone is unstable and undergoes dehydration to 
yield genistein which is further methylated at 4' position by isoflavone 4'-()-
methyltransferase to yield biochanin A. 
Figure 5 gives the scheme for the biosynthetic pathway of isoflavones 
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EC 1.14.13.86 2-hydroxyisoflavanone synthase; EC 4.2.1.105 2-
hydroxyisoflavanone dehydratase; EC 2.1.1.46 isoflavone 4-0-
methyltransferase; EC 2.4.1.170 isoflavone 7-0-glucosyltransferase; EC 
1.3.1.46 biochanin-A reductase; EC 2.3.1.115 isoflavone-7-(9-p-glucoside 6"-
0-malonyltransferase ; EC 2.1.1.150 isoflavone 7-0-methyltransferase 
Figure 5: Biosynthesis of isoflavones 
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Metabolism 
In plants isoflavonoids exist in conjugation with sugars, mainly with glucose. 
but also with 6'-(9-malonylglucose or 6'-0-acetylglucose. The glycoside 
conjugates remain unmodified during various food preparation procedures. 
Thus, in general, soy food when consumed has low levels of aglycones 
compared to glycosides. However, fermented soy products may contain higher 
amounts of aglycones (Nakamura et al., 2000). 
After ingestion of isoflavone-rich foods, the isoflavone glycosides, which are 
considered biologically inactive, undergo deglycosylation. For many years it 
was assumed that only the ^-glucosidases of gut microflora were responsible 
for deglycosylation reactions. However, recent studies have demonstrated that 
deglycosylation of genistin (genistein 7-0-glucoside) to genistein aheady 
begins in the mouth (Allred et al., 2001) and then continues in the small 
intestine (Day et al., 1998). It has been shown that genistein, but not genistin, 
can be readily absorbed through the wall of the stomach (Piskula et al., 1999) 
This may explain the faster absorption rates of aglycones compared to that of 
glycosides (Izumi et al., 2000). It has been suggested that isoflavones and their 
metabolites occur mainly as glucuronide conjugates, but sulfates and 
sulfoglucuronides have also been reported (Adlercreutz et al., 1995). 
A comprehensive study on soy isoflavone metabolism was carried out by KelK 
et al. (1993). They studied the metabolism of genistein in a feeding study in 
which 12 human subjects included 40 g of soy flour into their normal western 
diet for 2 consecutive days. Ingested amount of genistein per day was 39 mg 
Urine samples (24 h) were collected before and on three consecutive days after 
the soy consumption. Along with the ingested genistein two novel metabolites 
of genistein, dihydrogenistein and 6'-OH-0-desmethylangolensin were 
reported to be found in the urine. 
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Kulling et al. (2000) further studied the oxidative metabolism of daidzem and 
genistein in vitro with rat and human microsomes. Isoflavones are good 
substrates for cytochrome P450 enzymes and are extensively metabolized. Ten 
new metabolites were reported for daidzein and six for genistein. Mosr of the 
metabolites were formed by hydroxylation at an ortho position of cxistmg 
hydroxyl group in the phenolic rings yielding mono-, di-, tii-, tetra- and 
pentahydroxylated metabolites. One monohydroxylated metabolite of daidzem 
and one monohydroxylated metabolite of genistein were suggested to be 
hydroxylated at 2-position of the C-ring. Most of these newly identified 
oxidative metabolites were found in human urine collected after so\ 
supplementation (Kulling et al., 2001). Methylation of isoflavones that have 
two vicinal hydroxyl groups seems to be a minor metabolic reaction ol" 
isoflavones. Kulling et al. have tentatively identified four methylated 
metabolites with an isoflavone structure in human urine after so\ 
supplementation. One of the metabolites was suggested to be 3'- or 4'-0-
methyl-7, 3', 4'- trihydroxyisoflavone, and three others, one dimethylated and 
two monomethylated metabolites, were proposed to be formed by methylation 
of 6, 7, 3, 4'-tetrahydroxyisoflavone. The presence of hydroxylated and 
methylated genistein metabolites correlated positively with inhibition of cancer 
cell proliferation, but genistein sulfates were not associated with 
antiproliferative effects of genistein, suggesting that only some types of 
metabolism of the isoflavones may be crucial for their action (Peterson et a!.. 
1998). 
Bioavailability 
Genistein and their metabolites have been detected in plasma, prostatic fluid, 
breast aspirate and cyst fluid, urine, and feces [Mills et al., 1989; Knight and 
Eden 1996; Zava et al., 1998; Adlercreutz et al., 1993]. Adlercreutz et al ha\e 
found that the plasma level of genistein in people having a soy rich diet u as 1 
5 nM after metabolism and excretion. Another study targeting phase 1 
pharmacokinetic and pharmacodynamic analysis following administration of 
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unconjugated soy isoflavones (containing 43% and 90% genistein. 
respectively), to individuals with cancer, found plasma concentiation ol 
genistein supposedly associated with antimetastatic activity in vitro (Takimoto 
et al.,2003). Genistein is relatively hydrophobic and expected to be taken up by 
cells without previous cleavage and does not need to be biologicall> activated 
to exert its inhibitory effects on cancer cell growth (Russo et al, 2006) 
Anticancer Properties of Genistein 
Genistein (5,7,4'-trihydroxyisoflavone) is an isoflavone that is present m 
soybeans in high concentrations and shows diverse biological activities 
(Dixon and Ferreira, 2002). In recent years, increasing evidence has 
accumulated indicating that this natural ingredient of soy shows preventi\ e and 
therapeutic effects for cancer and cardiovascular diseases in animals and 
humans. It displays many anticancer properties which includes suppression of 
the proliferation of a variety of human gastrointestinal cancer cell lines, 
induction of differentiation of leukemia cells, and inhibition of endothelial cell 
angiogenesis relevant to tumor metastasis (Farina et al., 2006). Experiments 
have shown that genistein inhibits the growth of several cancer cells including 
leukemia, lymphoma, ovarian, cervical, leiomyoma, melanoma, neuroblastoma, 
gastric, pancreatic, breast, and prostate cancer cells (Peterson and Barnes. 
1993,1996; Constantinou et al, 1990; Buckley et al, 1993; Matsukawa et 
al.,1993; Pagliacci et al, 1994). The growth inhibition of cancer cells couid be 
due to cell cycle arrest, which ultimately results in cessation of cell 
proliferation. It has been demonstrated that genistein induces a G2/M cell cycle 
arrest in breast cancer, gastric adenocarcinoma and melanoma cells (Pagliacci 
et al,1994; Casagrande and Darbon, 2000). It was also shown that genistein 
induces a G2/M cell cycle arrest in PC3 and LNCaP prostate cancer cells; 
H460 and H322 non-small cell lung cancer cells; MDA-MB-231 and MCF-
lOCAla breast cancer cells (Davis et al, 1998; Lian et al, 1998). In addition to 
cell cycle arrest, another specialized event of genistein action involves the 
induction of programmed cell death known as 'apoptosis'. It has been shown 
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that genistein could induce apoptosis in MDA-MB-231, MDA-MB-435, and 
MCF-7 breast cancer cells; PC3 and LNCaP prostate cancer cells; H460 and 
H322 non-small cell lung cancer cells; HN4 head and neck squamous 
carcinoma cells, and pancreatic cancer cells (Davis et al.,1998;Lian et al, 1998 
Li et al., 1999; Alhasan et al., 1999; Banerjee et al., 2005, 200'') Flow 
cytometry revealed that the number of apoptotic cells increased by 43 -57°/(, 
with longer genistein treatment (Banerjee et al, 2005). Moiseeva et al. (2007 
reported that physiological concentrations of a dietary phytochemical includmg 
genistein results in reduced growth and induction of apoptosis in cancer cells 
NF-kB plays important roles in the control of cell growth, differentiation, 
apoptosis and stress- response. Under non-stimulating conditions, NF-kB is 
sequestered in the cytoplasm through tight association with the impeding 1-kB 
proteins. Following stimulation, 1-kB protein is phosphorylated and degraded, 
allowing the NF-kB to translocate to the nucleus, bind to the NF-kB-specific 
DNA-binding sites or interact with other transcription factors, and thus regulate 
gene transcription. It has been reported that genistein treatment could modulate 
NF-kB DNA binding activity in prostate, breast, head and neck, and pancreatic 
cancer cells (Li et al., 1999; Davis et al., 1999; Alhasan et al., 2000, Naiarajan 
et al., 1998). One of the studies investigated the effects of isoflavone 
supplementation on NF-kB activation in vivo in human volunteers The 
lymphocytes from healthy male subjects were harvested from peripheral blood 
and cultured for 24 h in the absence and presence of genistein. Electiophoretic 
mobility shift assay (EMSA) revealed that genistein treatment inhibited basal 
levels of NF-kB DNA binding activity by 56% and abrogated TNF-cx induced 
NF-kB activity by 50% (Karin and Delhase 2000). The results indicate that 
genistein inhibits the translocation of NF-kB to the nucleus preventing NF-kB 
from binding to its target DNA and thereby inhibiting the transcription of NF-
kB downstream genes. This process ultimately inhibits cell growth and also 
induces apoptotic cell death. Akt signaling is another important transduction 
pathway that plays a critical role in controlling the balance between cell 
survival and apoptosis (Tanaka et al., 2002). Evidence suggests that Akt also 
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regulates the NF-kB pathway via phosphorylation and activation of molecules 
in the NF-kB pathway (Romashkova and Makarov, 1999; Ozes et al., 1999) 
Thus, strategies to block the activity of Akt would ideally lead to the inhibition 
of cell proliferation and the induction of apoptosis. By immunoprecipitation 
Western blot and kinase assays it was found that genistein treatment reduced 
the level of the phosphorylated Akt protein at Ser473 compared to control cells. 
resulting in a dose dependent induction of apoptosis after genistein treatment ot 
cells that display constitutively active Akt (Banerjee et al., 2007). These data 
demonstrate that genistein inhibits the activation of Akt, which may result in 
the inhibition of survival signals ultimately leading to induction of apoptotic 
signals. Consistent with the in vitro findings, there is growing in vivo evidence 
demonstrating the inhibitory effects of genistein on caicinogenesis. Prepubertal 
exposure to soy or genistein reduced mammary carcinogenesis in rats treated 
with carcinogens (Cabanes et al., 2004). Soy isoflavone supplemented diets 
also prevented the development of adenocarcinomas in the prostate and semmal 
vesicles in a rat carcinogenesis model (Onozawa et al.,1999). It has also been 
reported to be effective against chemical carcinogen- induced rat ovarian 
carcinogenesis (Tanaka et al., 2002). The soy diet reduced growth of 
transplantable prostate adenocarcinomas and inhibited tumor cell proliferation 
and angiogenesis of transplantable prostate cancer in immunodeficient mice 
(Landstrom et al.,1998; Zhou et al., 1999). A diet rich in soy also inhibited 
pulmonary metastasis of melanoma cells in C57B1/6 mice (Li et al.,1999), 
Genistein inhibited the growth of carcinogen-induced cancers in rats and 
human leukemia cells transplanted into mice (Hawrylewicz et al.,1995; 
Ravindranath et al., 2004;Lamartiniere et al., 1995;Uckun et al., 1995), Singh 
et al. (2006) evaluated the natural form of genistein, and the isoflavone-ricli soy 
phytochemical concentrate (SPC) on the growth and metastasis of human 
bladder cancer cells 253J BV induced tumors in an orthotopic site. Both 
treatment regimes were effective in reducing tumor weight by more than 50%. 
accompanied by induction of tumor cell apoptosis and inhibition of tumor 
angiogenesis in vivo. Isoflavones, including genistein, are known antioxidants 
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Genistein has been shown to protect cells against reactive oxygen species 
(ROS) by scavenging free radicals and reducing the expression of stress 
response related genes (Larrea et al, 1997; Zhou et al , 1998). It has been 
demonstrated that genistein inhibits tumor-promoter. 12-0 
tetradecanoylphorbol-13-acetate-induced hydrogen peroxide production ii< 
human polymorphonuclear leukocytes, and HL- 60 cells (Wei et al. 1993 
Rotondo et al., 2007). However, genistein has also been shown to induce DNA 
damage in cancer cells (Bianco et al., 2005; Boos et al., 2000; Lutz et al.. 
2005). An association of phytoestrogen and ROS mediated DNA breakage has 
also been demonstrated. Such oxidative injury was shown to be inhibited by 
both enzymatic and non enzymatic antioxidants such as catalase, superoxide 
dismutase and ascorbic acid respectively indicating the involvement of a 
possible prooxidant anticancer mechanism (Anderson et al., 2003; Cemeli et 
al., 2004). 
Anticancer Properties of Biochanin A 
Although the chemopreventive properties of biochanin A are less documented 
than genistein this compound has also been demonstrated to cause a dose 
dependant inhibition of growth through induction of apoptosis in human 
bladder cancer cell lines and human hepatoma cell lines (Su et al, 2000;2003) 
Red clover derived dietary isoflavones of which biochanin A is a major 
constituent have been shown to induce apoptosis in low to moderate-grade 
Human Prostate Carcinoma (Jarred et al, 2000). It has also been shown to 
inhibit chemical-induced tumor carcinogenesis and prevent tumor growth after 
implantation in animal models (Lee et al,1991;Rice et al, 2002).Studies of the 
dietary phytoestrogen biochanin A on cell proliferation of the cultured estrogen 
responsive cells human breast carcinoma MCF-7 showed that biochanin A 
exhibits biphasic regulation on MCF-7 cells. At lower concentrations less than 
30 ^M, cells respond to biochanin A by increasing cell growth and de ru)V() 
DNA synthesis. The addition of biochanin A at higher concentiations 
significantly inhibited cell growth and DNA synthesis in a dose-dependent 
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fashion, resulting in an IC50 value of 140 ^M. The reversibility of these 
inhibitory effects by biochanin A appears to be concentiation dependent (Hsu 
et al., 1999). Effect of biochanin A on the growth and differentiation of 
myeloid leukemia has been reported with biochanin A inhibiting the growth of 
cells in dose dependant manner and also inducing the moiphological 
differentiation of cells (Fung, 1997). Biochanin A also inhibited growth of 
human pancreatic tumor cells in vitro. The inhibition was observed in both 
male (HPAF-11) and female (Su 86.86) adenocarcinoma cell lines (Lyn Cook 
et al., 1999).Biochanin A induced a dose dependant inhibition of proliferation in 
prostate LNCaP cell lines and [^ H] thymidine incorporation that conelated with 
increased DNA fragmentation indicative of apoptosis (Rice et al.,2002). 
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SCOPE OF THE WORK PRESENTED 
The health benefits of plant derived polyphenols including genistem. 
resveratrol, epigallocatechin-Sgallate, delphinidin, caffeic acid, curcumm. 
capsaicins, tannins and flavonoids have been attributed to their antioxidant 
effects. However, there is evidence in literature suggesting that antioxidant 
activity of such plant derived polyphenols may not fully account foi their 
chemopreventive effects. Therefore, it is likely that other mechanisms may be 
responsible for the varied pharmacological properties. Most antioxidants of 
plant origin are redox (reduction-oxidation) agents, protecting against ROS 
generation in some cases and promoting radical generation in others (Herbert, 
1996). Studies in this laboratory have shown that plant polyphenols behave as 
prooxidants in the presence of copper ions catalyzing DNA breakage through 
the generation of reactive oxygen species (Ahmad et al, 1992; Bhat & Hladi, 
1994; Ahsan & Hadi, 1998; Ahmad et al., 2000; Azam et al., 2004; Ahmad et 
al., 2005). Copper is a major metal ion present in the nucleus and is also 
implicated in tumorigenesis and angiogenesis (Chevion et al., 1988). Oxidative 
DNA breakage by these compounds correlates with their apoptosis inducing 
capacity. Further, properties of polyphenols, such as binding and cleavage of 
DNA and the generation of ROS in the presence of transition metal ions are 
similar to those of some known anticancer drugs (Ehrenfeld et al., 1987). It is 
also known that serum, tissue and cellular copper levels are significantly 
elevated in a number of malignancies (Linder, 1991; Gupte and Mumper, 
2008). Soy and legumes are known good sources of polyphenols genistein and 
biochanin A respectively. Induction of apoptosis by genistein as well as 
biochanin A has been shown in various human cancer cell lines and animal 
models (Barnes et al., 1995; Sarkar et al., 2003; Renea et al, 2002). 
There is significant data in literature that points to the prooxidant rather than 
the antioxidant property of polyphenols as the mechanism of their anticancer 
properties. Taking into consideration our own observations and those of others 
we have proposed a mechanism according to which plant polyphenols mobilize 
Scape ofim 'Work. 
endogenous copper in cancer cells leading to cytotoxic action through the 
generation of reactive oxygen species (Hadi et al., 2000;Hadi et al.,2007) 
Based on the above hypothesis, in the work presented here, 1 have attempted to 
elucidate the mechanism of action of plant derived polyphenolic compounds 
specially the isoflavones genistein and biochanin A. 
Studies on chemopreventive and therapeutic plant-derived phytonutnents 
assume significance in view of the fact that such compounds exhibit negligible 
or low toxicity even at relatively higher concentrations. Further they may also 
act as lead compounds for the synthesis and development of novel anticancer 
drugs. 
28 

'MaUmk 
MATERIALS 
Chemicals 
Agarose 
Ammonium sulphate 
Bathocuproine disulphonic acid 
Biochanin A 
Bovine Serum Albumin 
Butylated Hydroxytoluene 
Caffeic acid 
Catalase 
Delphinidin 
Deoxyribonucleic acid 
(Calf Thymus Type I) 
Desferrioxamine mesylate 
Diphenylamine 
Epigallocatechin-3 -gallate 
Ethidium Bromide (EtBr) 
Ethylenediaminetetraacetic acid (EDTA) 
Gallic acid 
Genistein 
L-Histidine 
Low melting point agarose 
Neocuproine 
Nitroblue Tetrazolium (NBT) 
Phosphate Buffered Saline 
(Ca^'&Mg^"free) 
RPMI 1640 media 
Source 
Sigma Chemical Co., L SA 
Sigma Chemical Co., L SA 
Sigma Chemical Co., I'SA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
E. Merck, Germany 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Extra Synthese (Genay) France 
Sigma Chemical Co., USA 
Sigma Chemical Co., US/V 
BDH, India 
Sigma Chemical Co., USA 
Sigma Chemical Co., US \ 
Qualigens, India 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sisco Research Lab, India 
Sigma Chemical Co., USA 
Sigma Chemical Co.. USA 
Sisco Research Lab, India 
Sigma Chemical Co , USA 
Sigma Chemical Co., USA 
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Trans-resveratrol 
Single strand specific nuclease 
Sodium ascorbate 
Sodium chloride 
Supercoiled plasmid pBR322 DNA 
Superoxide dismutase 
Tert-Butyl-Hydroperoxide 
Theaflavin 
Thiourea 
Tannic acid 
Tris(hydroxy methyl)aminomethane 
Triton X - 100 
Xylenol orange 
* All other chemicals were commercial 
Sigma Chemical Co., USA 
Isolated and purified from 
germinating Pea seed, in the lab 
according to the procedure oi' 
Wani&Hadi, 1979. 
Sigma Chemical Co., US A 
E. Merck, Germany 
Genei, India 
Sigma Chemical Co., I SA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
E. Merck, Germany 
Sigma Chemical Co., USA 
Fluka AG, Switzerland 
BDH, India 
LOBA CHEMEI, India 
products of analytical grade. 
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METHODS 
Preparation of stock solutions of isoflavones : 
Fresh solutions of genistein and biochanin A were prepared as a stock of 
2.5mM in absolute methanol. In all the studies (except ferrous oxidation-
xylenol orange (FOX) assay) the reaction mixture contained <2% methanol 
(v/v). To test any effect of solvent on the DNA breakage and antioxidant 
studies, methanol solution was added to the cells at the final concentiation of 
2% (v/v) which was the highest concentration of methanol used in the 
isoflavone treated reaction medium .No difference was observed with or 
without methanol indicating that the methanol at the tested concentrations did 
not influence the results. For Fox assay the solvent control concentiation varied 
between 1-12% (v/v) and again no influence of the solvent was observed on the 
results. Upon addition to reaction mixtures, in the presence of buffers 
mentioned and at concentrations used, all the polyphenols used remamed in 
solution. The volumes of stock solution added did not lead to any appreciable 
change in the pH of reaction mixtures. 
Reaction of genistein and biochanin A with calf thymus DNA and digestion 
with single strand specific nuclease : 
Single strand specific digestion was performed as described by Wani and Hadi 
(1979). Reaction mixtures (0.5 ml) contained 10 mM Tris-HCl (pH 7 5). 500 
Hg of calf thymus DNA and varying amounts of genistein/biochanm A and 
cupric chloride (50|iM). All solutions were sterilized before use. hicubation 
was performed at 37 °C for specified time periods. The assay determines the 
acid soluble nucleotides released from DNA as a result of enzyme digestion 
Reaction mixture in a total volume of 1.0 ml contained 40 mM rris-HCl (pH 
7.5), 1 mM Magnesium Chloride, water and enzyme. The reaction mixmre was 
incubated at 37 °C for 2 hrs. The reaction was stopped by adding 0.2 ml bovine 
serum albumin (10 mg/ml) and 1.0 ml of 14 % perchloric acid (chilled). The 
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tubes were immediately transferred to 0 °C for 45 min before centrifugation ai 
2500 rpm for 10 min at room temperature to remove undigested DNA and 
precipitated protein. Acid soluble deoxyribonucleotides were determined m the 
supernatant, colorimetrically, using the diphenylamine method (Schneider 
1957). To a 1.0 ml aliquot, 2.0 ml diphenyl reagent (freshly prepared by 
dissolving 1 gram of recrystallized diphenylamine in 100 ml glacial acetic acid 
and 2.75 ml of concentrated H2SO4) was added. The tubes were heated in a 
boiling water bath for 30 min. The intensity of blue colour was read at 600 nm 
Treatment of pBR322 DNA with genistein / biochanin A in the presence of 
Cu(II): 
Reaction mixture (30|il) contained lOmM Tris-HCl (pH 7.5), 0.5^g of plasmid 
DNA and other components as indicated in legends. Incubation was performed 
at 37 °C for time periods specified in legends. After incubation, 10 [\\ of 
solution containing 40 mM EDTA, 0.05 % bromophenol blue tracking dye and 
50 % (v/v) glycerol was added and the solution was subjected to 
electrophoresis in submarine 1 % agarose gels. The gels were stained with 
ethidium bromide (0.5 |ig/ml), viewed and photographed on a transilluminator. 
Absorption studies : 
The absorption spectra were obtained by using Beckman DU-40 
spectrophotometer (USA) equipped with a plotter, 
Spectrophotometric study for Isoflavone-Cu(II) interaction : 
The effect of increasing concentrations of Cu (II) on absoiption spectra of 
genistein and biochanin A was observed. The reaction mixture (3.0 ml) 
contained 10 mM Tris-HCl (pH 7.5), 50 ^M isoflavone and mcreasing 
concentrations of Cu(II). The spectra were recorded immediately after addition 
of all components. 
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Spectrophotometric detection of Cu (II) reduction by genistein and 
biochanin A: 
The selective sequestering agent bathocuproine was employed to detect 
reduction of Cu (II) to Cu (I) by recording the formation of bathocuproine-
Cu(I) complex which absorbs maximally at 480 nm. The reaction mixture (3.0 
ml) contained 3 mM Tris-HCl (pH 7.5), fixed concentration of Cu(II) (or Cu(l) 
for positive control) (100 |iM), bathocuproine (300 ^M) and of genistein (or 
biochanin A) (50 p.M). The reaction was started by adding Cu(II) and the 
spectra were recorded immediately afterwards. 
Stoichiometric titration of Cu (I) production: 
The stoichiometry of Cu(I) production was measured by mixing the isoflavoncs 
(25 |iM) in 10 mM Tris-HCl; pH 7.5, with varying amounts of CuCl; (5-
200|LiM) and a stock bathocuproine solution to give a final concentration of 0 4 
mM in a total volume of 3 ml. Bathocuproine complexes with Cud) to form a 
Cu (Bathocuproine )^ 2 complex which absorbs maximally at 480 nm. 
Absorbance was recorded at 480 nm after 1 h incubation at 37°C in dark (.\sad 
et al, 2001). 
Flourescence studies : 
The fluorescence studies were performed on a Shimadzu 
spectrofluorophotometer RF-5000 (Japan) equipped with a plotter and a 
calculator. Biochanin A and Genistein were excited at their absorption maxi ma 
(A,max) of 260nm and 261 nm respectively (Kosslak et al.,1987). Emission 
spectra were recorded in the wavelength range shown in figures. 
Detection of superoxide anion (O2'): 
Superoxide was detected by the reduction of nitroblue tetrazolium (N13T) 
essentially as described by Nakayama et al. (1983). A typical assay mixture 
contained 50 mM sodium phosphate buffer (pH 8.0), 33 |LIM N B T , 100 uM 
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EDTA and 0.06 % triton X-100 in a total volume of 3.0 ml. The reaction was 
started by the addition of isoflavone. After mixing, absorbance was recorded ai 
560 nm at different time intervals, against a blank, which did not contam the 
compound. 
Detection of hydroxyl radical generation by isoflavones: 
In order to compare the hydroxyl radical production by increasmg 
concentrations of genistein and biochanin A in the presence of 50 uM Cu (II), 
the method of Quinlan and Gutteridge (1987) was followed. Calf thymus DNA 
(100 ng) was used as a substrate and the malondialdehyde generated from 
deoxyribose radicals was assayed by recording the absorbance at 532 nm. 
Isolation of lymphocytes : 
Heparinized blood samples (2 ml) from healthy donors were obtained by 
venepuncture and diluted suitably in Ca^ ^ and Mg " free PBS. Lymphocytes 
were isolated from blood using Histopaque 1077 (Sigma Diagnostics, St Louis. 
USA), and the cells were finally suspended in RPMI 1640. 
Viability assessment of lymphocytes : 
The lymphocytes were checked for their viability before the start and after the 
end of the reaction using Trypan Blue Exclusion Test (Pool-Zobel et al, 1993) 
The viability of the cells was found to be greater than 93 %. 
Alkaline single cell gel electrophoresis/Comet Assay: 
Comet Assay was performed under alkaline conditions essentially accordmg to 
the procedure of Singh et al., (1989) with slight modifications. Fully frosted 
microscopic slides precoated with 1.0 % normal melting agarose at about 50 °C 
(dissolved in Ca^ ^ and Mg^^ free PBS) were used. Around 10,000 cells were 
mixed with 75 ^1 of 1.0 % LMPA to form a cell suspension and pipetted over 
the first layer and covered immediately by a coverslip. The slides \\ere placed 
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on a flat tray and kept on ice for 10 min to solidify the agarose. The coverslips 
were removed and a third layer of 0.5 % LMPA (75|il) was pipetted and 
coverslips placed over it and allowed to solidify on ice for 5 mm Ihe 
coverslips were removed and the slides were immersed in cold lysing solution 
containing 2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH 10 and 1 °/o Triton X-
100 (added just prior to use) for a minimum of 1 hr at 4 °C. After lysis DN A 
was allowed to unwind for 30 min in alkaline electrophoretic solution 
consisting of 300 mM NaOH, 1 mM EDTA, pH > 13. Electiophoresis was 
performed at 4 °C in a field strength 0.7 volts/cm and 300 mA cuiTent The 
slides were then neutraUzed with cold 0.4 M Tris (pH 7.5), stained with 75 |.il 
EtBr (20 ^g/ml) and covered with a coverslip. The slides were placed in a 
humidified chamber to prevent drying of the gel and analyzed the same day. 
Slides were scored using an image analysis system (Komet 5.5, Kinetic 
imaging, Liverpool, UK) attached to an Olympus (CX41) fluorescent 
microscope and a COHU 4910 (equipped with a 510-560 nm excitation and 
590 nm barrier filters) integrated CC camera. Comets were scored at 100 x 
magnification. Images from 50 cells (25 from each replicate slide) were 
analyzed. The parameter taken to access lymphocyte DNA damage was tail 
length (migration of DNA from the nucleus, nm) and was automatically 
generated by Komet 5.5 image analysis system. 
Lysed Version of Comet Assay: 
Lysed version of Comet Assay was performed as described by Kasamatsu et al 
(1996) with some modifications. Lymphocytes isolated from 2.0 ml blood were 
diluted to the count of 2x10^ cells/2ml and suspended in RPMl 1640 
Approximately 10,000 of these cells were mixed with 75 (il of prewarmed 
LMPA in PBS and immediately applied to frosted microscopic slide layered 
with 75 i^l of 1% normal melting agarose in PBS. The slides were allowed to 
gel at 4 °C for 10 min. Lysis of cells was then performed by submerging the 
slides in a tank containing lysis solution in the absence of light for 1 li at 4 'C. 
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The use of a tank instead of a coplin jar allowed simultaneous processing of a 
number of slides. The lysis solution (pH 10) consisted of 2.5 M NaCi, 0. !M 
EDTA, 10 mM Tris and 1% Triton X-100 added just prior to use. After lysis 
slides were transferred to another tank containing 0.4 M Phosphate buffer (pli 
7.5) for 10 min. Each slide was then transferred to a rectangular dish 
(8cmx3cmx5mm) which contained a reaction mixture of polyphenols and other 
additions as mentioned in various legends to figures and tables. The slides with 
the reaction mixture were incubated at 37 °C for indicated time periods In 
another set of experiments, scavengers of reactive oxygen were added at the 
final concentrations indicated. The slides were then washed twice by placing m 
0.4 M phosphate buffer (pH 7.5) for 5 min at room temperature. DNA 
unwinding and expression of alkaU labile sites was done by leaving the slides 
in the high pH electrophoresis buffer (1 mM EDTA, 300 mM NaOH, pH > 13 
prepared in PBS) at 4 °C for 30 min. Subsequently, the electiophoresis. 
neutralization and staining of the slides was carried out as described earlier. 
Comet images were observed at lOOX magnification with a fluorescence 
microscope (Olympus CX41) and COHU 4910 (equipped with a 510-560 nm 
excitation and 590 nm barrier filters) integrated CC camera. 50 images were 
randomly selected from each sample and their lengths (diameter of the nucleus 
plus migrated DNA) were measured on the screen as automatically generated 
by Komet 5.5 image analysis system of Kinetic Imaging, Liverpool, UK. 
Treatment of whole lymphocytes with isoflavones and the subsequent Comet 
assay was performed essentially as described earlier (Azmi et al, 2005) 
However, since the DNA breakage had to be compared with that in lymphocyte 
nuclei, the treatment of cells was done on slides rather than in eppendoif tubes. 
Therefore, the lysis of cells was carried out after the isoflavone treatment. The 
other conditions remained the same as described above. 
For antioxidant study, the cells were preincubated with polyphenols in 
eppendorf tubes in a reaction volume of 1.0 ml. After the preincubation (for 30 
min at 37°C), the reaction mixture was centrifuged at 4000 rpm, the supernatant 
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was discarded and the pelleted lymphocytes were resuspended in 100 |il of 
PBS (Ca^^ and Mg^^ free) and layered for further treatment with FBHP (50 
HM). The incubation period was 30 minutes at 37°C in dark. The other 
conditions remained the same as described above. 
Treatment of lymphocytes with isoflavones was also carried out usmg 
permeabilized cells (Czene et al., 1997). For this purpose lymphocytes prior to 
treatment with resveratrol were exposed to the permeabilization solution (0.5% 
Triton X-100 in 0.004 M Tris-HCl, pH 7.4) for 10 min on ice. For treatment 
each sHde was then transferred to a rectangular dish (8cm x 3cmx 5mm) which 
contained a reaction mixture of genistein (or biochanin A) and other additions 
as mentioned in various legends to figures and tables. The slides with the 
reaction mixture were incubated at 37°C for desired time periods (Ih for whole 
cells / 30 min for permeabilized cells) and were then washed twice by placing 
in 0.4 M phosphate buffer (pH 7.5) for 5 min at room temperature before being 
processed further for Comet assay. 
Detection of H2O2 generation by isoflavones in the incubation medium of 
lymphocyte: 
The ferrous oxidation-xylenol orange (FOX) assay (Long et al., 2000) was 
adapted to detect and quantify the generation of H2O2 in the incubation medium 
(RPMI 1640, phosphate buffer 0.4 M, pH 7.5) by various isoflavones The 
simplified reaction sequence involves the oxidation of fenous (Fe^ ) to fenic 
(Fe"*^ ) ions by H2O2 with the subsequent binding of the Fe"" ion to the lenic 
sensitive dye xylenol orange, yielding an orange to purple complex, which is 
measured at 560 nm. The reaction mixture contained the isoflavones along with 
the incubation medium used in the treatment of lymphocytes. After incubation 
for 2 h at 37°C, an aliquot of 200 \A was analyzed for H2O2 formation (Shamim 
et al., 2008). 
Determination of TEARS in lymphocytes: 
Thiobarbituric acid reactive substance was determined according to The method 
of Ramanathan (1994). A cell suspension (1 x lOVml) was incubated vvith 
isoflavone (0-300 |iM) at 37 °C for 1 hr and then centrifuged at 1000 ipm. In 
some experiments the cells were pre-incubated with fixed concentrations of 
neocuproine and thiourea. The cell pellet was washed twice with phosphate 
buffered saline (Ca^^ and Mg^^  free) and suspended in O.I N NaOH This cell 
suspension (1.4 ml) was further treated with 10 % TCA and 0.6 M TBA (2-
thiobarbituric acid) in boiling water bath for 10 min. The absorbance was read 
at 532 nm and converted into nmoles of TBA reactive substance using the 
molar extinction coefficient. 
Cell lines and Reagents: 
Breast cancer lines, MDA-MB-231 and MDA-MB-468 were obtained from 
ATCC (Manassas, VA). MDA-MB-231 cells were maintained in DMEM 
(Invitrogen, Carlsbad, CA) while MDA-MB-468 cells were maintained in 
RPMI (Invitrogen, Carlsbad, CA). Both of these media were supplemented with 
10% fetal bovine serum (FBS), 100 units/ml penicillin and 100 (ig/ml 
streptomycin. All cells were cultured in a 5% C02-humidified atmosphere at 
37°C. Stock solution of genistein (50mM) was made by dissolving hi DMSO 
and small aliquots were stored at -20°C. The stock solutions of various 
chelators of metal ions - Neocuproine/ Desferoxamine mesylate/ Histidine 
were made in PBS at a final concentration of 50 mM and were always made 
fresh just prior to experiments. 
Cell Growth Inhibition Studies by 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium Bromide (MTT) Assay: 
MDA-MB-231 and MDA-MB-468 cells were seeded at a density of 2 x lO' 
cells per well in 96-well microtiter culture plates. After overnight incubation, 
normal growth medium was removed and replaced with a fresh medium 
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containing DMSO (vehicle control) or different concentiations of Genistein 
diluted from a 50 mM stock. Various chelators were added in individual assays 
as mentioned in respective experiments. After 4 days of incubation, 25|il of 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyhetrazolium bromide (MTTi solution 
(5mg/ml in phosphate-buffered saline, PBS) was added to each well and 
incubated further for 2 h at 37°C. Upon termination, the supernatant was 
aspirated and the MTT formazan, formed by metabolically viable cells, was 
dissolved in isopropanol (100^1) by mixing for 30 min on a gyratory shaker 
The absorbance was measured at 595 nm on Ultra Multifunctional Micropiate 
Reader (TECAN, Durham, NC). Each treatment had eight replicate wells and 
the amount of DMSO in reaction mixture never exceeded 0.1%. Moreo\er. 
each experiment was repeated at least three times. 
Soft Agar Colonization Assays: 
MDA-MB-231 cells (3 x 10'^ ) were plated in 0.5 ml of culture medium 
containing 0.3% (w/v) top agar layered over a basal layer of 0.7% (w v) agar 
(with culture medium and the supplements) in 24-well plates. At the time of 
seeding, the culture was supplemented with different concentiations of 
genistein or the DMSO, with or without metal chelators. After appropriate 
culture time (22 days), colonies (>50 cells) were counted. Experiments were 
carried out in quadruplicate, and mean values are reported. 
Histone/DNA ELISA for Detection of Apoptosis: 
The Cell Death Detection ELISA Kit (Roche, Palo Alto, CA) was used to detect 
apoptosis in breast cancer cells treated with genistein, according to the 
manufacturer's protocol. Briefly, cells were treated with genistein or DMSO 
control for indicated time periods. After treatment, the cytoplasmic 
histone/DNA fragments from cells were extracted and incubated in the 
microtiter plate modules coated with anti-histone antibody. Subsequently, 
peroxidase-conjugated anti-DNA antibody was used for the detection oJ' 
immobilized histone/DNA fragments followed by color development with 
ABTS substrate for peroxidase. The spectrophotometric absorbance of the 
samples was determined by using Ultra Multifunctional Microplate Reader 
(TECAN) at 405 nm. 
Statistical Analysis: 
The statistical analysis was performed as described by Tice et al (2000) and is 
expressed as ±S.E.M. of three independent experiments. A student's t-test was 
used to examine statistically significant differences. Analysis of variance was 
performed using ANOVA. P values <0.05 were considered statistically 
significant. 
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RESULTS-I 
Formation of genistein/biochanin A-Cu(II) complex: 
The possibility for the formation of genistein / biochanin A- Cu(II) complex 
was examined. This was carried out by recording the absorption spectra of 
genistein and biochanin A with increasing concentrations of Cu(Il). The results 
given in figure 6 and 7 show that the addition of Cu(ll) to genistein and 
biochanin A results in an enhancement in the peak appearing at their respective 
>.max . The absorption spectra of genistein and biochanin A in the presence of 
copper suggests a simple mode of interaction between these isoflavones and 
Cu(ll). 
Formation of complexes involving calf thymus DNA and 
genistein/biochanin A: 
Figure 8 and figure 9 show the effect of addition of increasing molar base paii 
ratios of calf thymus DNA on the fluorescence emission spectra of genistein 
and biochanin A at 580 nm and 560 nm respectively. Such an addition resulted 
in a dose-dependent enhancement of the fluorescence. There was however, no 
significant shift in the Xmax emission suggesting a simple mode of binding ot 
DNA and genistein/biochanin A. The control (native DNA alone) when excited 
at the same wavelength (268 nm for genistein and 260 nm for biochanin A) did 
not interfere with the emission spectrum of isoflavone alone/isoflavone 
DNA, thus confirming the binding results. 
Binding of copper ions to genistein/biochanin A: 
Binding of copper ions to genistein and biochanin A was studied b> the effect 
of increasing Cu(II) molar ratios on the fluorescence emission spectra of the 
isoflavones. The resuh shown in figure 10 and figure 11 clearly indicate the 
binding as addition of Cu(II) causes quenching of isoflavone fluorescence 
'Rpiuih 3-1 
These results support the result of absorption studies shown in figure 6 and 7 
where formation of genstein /biochanin A-copper complex was demonstiated 
Detection of genistein/biochanin A induced Cu(I) production by 
bathocuproine: 
The production of Cu(I), formed as a result of reduction of Cu(ll) by 
genistein/biochanin A, was analyzed using bathocuproine which is a selective 
Cu(I) sequestering agent that binds specifically to the reduced form of copper 
(Cu(I)) but not to the oxidized form (Cu(II)) (Simpson et al., 1992). The Cu(I)-
chelates exhibits an absorption maximum at 480 nm. In both the cases as 
shown in figure 12 and figure 13, neither Cu(II) nor isoflavones interfere with 
the maxima, whereas genistein + Cu(II) (fig 12) and biochanin A + C'u(ll) (fig 
13) react to generate Cu(I) which complexes with bathocuproine to give a peak 
appearing at 480 nm. The results show that the isoflavones are able to reduce 
Cu(II) to Cu(I) and may contribute to the redox cycling of the metal. 
Generation of oxygen radicals by genistein/biochanin A: 
Superoxide production: The production of superoxide anion was determined 
by the method of Nakayama et al (1983), which involves reduction of NBT by 
genistein/biochanin A to a formazan. The time dependent generation of 
superoxide anion by genistein/biochanin A, as evidenced by the increase in 
absorbance at 560 nm is shown in figure 14. The fact that NBT was genuineh 
assaying superoxide was confirmed by SOD (100 |Lig/ml) inhibiting the reaction 
(results not shown). It is known that superoxide may undergo automatic 
dismutation to form H2O2 which in the presence of transition metals such as 
copper favors Fenton type reaction to generate hydroxyl radicals which could 
act as a proximal DNA cleaving agent leading to oxidative DNA breakage. 
Hydroxyl radical generation by genistein/biochanin A: It has been previously 
shown that during the reduction of Cu(II) to Cu(I), reactive oxygen species 
such as hydroxyl radicals are formed which serve as the proximal DNA 
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cleaving agent (Rahman et al., 1989). Therefore, the capacity of genistein and 
biochanin A to generate hydroxyl radical in the presence of C'u(ir) was 
examined. The assay is based on the fact that degradation of DNA by hydroxyl 
radicals results in the release of TBA (2-thiobarbituric acid) reactive material. 
which forms a coloured adduct with TBA whose absorbance is read at 532 nm 
(Quinlan and Gutteridge, 1987). The results given in figure 15 clearl> show 
that increasing concentrations of isoflavones lead to a progressive increase in 
the formation of hydroxyl radicals. 
Cleavage of plasmid pBR322 DNA by genistein/biochanin A : 
In order to examine the efficacy of isoflavone-Cu(lI) system in DNA cleavage. 
in figure 16, I have tested the ability of genistein and biochanin A to cause 
cleavage of supercoiled plasmid pBR322 DNA in the presence of copper ions 
As can be seen from the ethidium bromide stained agarose gel pattern, whereas 
copper alone or isoflavone alone did not show DNA cleavage, addition of 
copper to isoflavone resulted in the generation of open circular and 
heterogenous linear fragments of Plasmid DNA, demonstrating that isoflavones 
are capable of DNA degradation in the presence of copper ions. 
Breakage of calf thymus DNA by genistein/biochanin A in the presence of 
Cu(II): 
Genistein and biochanin A in the presence of Cu(II) were found to generate 
single strand specific nuclease sensitive sites in calf thymus DNA. The reaction 
was assessed by recording the proportion of DNA converted to acid soluble-
nucleotides by the nuclease. Figures 17 and 18 give the dose response curve of 
such a reaction. However, genistein and biochanin A in the absence of Cu(ll) 
did not show significant degradation of calf thymus DNA. Control experiments 
(data not shown) established that heat denatured DNA underwent 100 % 
hydrolysis following the treatment with nuclease. In the presence of ('u(ll) (50 
^M), increasing concentrations of genistein (figure 17) and biochanin A (figure 
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18) resulted in an increase in nuclease sensitive sites in DNA leading to 
increased DNA hydrolysis. 
Standardization of alkaline single cell gel electrophoresis/Comet Assay: 
Single cell gel electrophoresis (Comet assay) is a sensitive technique to 
quantify DNA damage in cellular system. In the original version of the assay 
cells embedded in agarose microscopic slides were lysed and subjected to 
electrophoresis under neutral conditions enabling the detection of DNA double-
strand breaks (Ostling and Johansson 1984). A later modification using alkaline 
conditions made it possible to detect DNA single strand breaks and alkaline-
labile sites in DNA (Singh et al, 1988). Further in case two single stand breaks 
are closely opposed they show up as a double strand break. In this technique a 
small number of cells are treated with the test agent, layered on glass slides and 
sandwiched between layers of agarose. The slides are electrophoresed in 
alkaline conditions, stained and viewed under a fluorescent microscope for 
DNA single strand breaks. The technique is called Comet Assay because of a 
comet like appearance of damaged cellular DNA. H2O2 is a known genotoxic 
agent and is routinely used in genotoxicity testing. In order to standardize 
Comet Assay an experiment was performed with H2O2. Photographs of comets 
(lOOx) observed after treatment of lymphocytes with increasing concentrations 
of H2O2 are shown in figure 19. As can be seen, untreated cells are not 
damaged and do not show a tail. However, with increasing concentrations of 
H2O2 a progressive increase in the length of comet tails is observed. In figure 
20, the results of the same experiment are plotted as comet tail length (urn) as a 
function of increasing H2O2 concentration. 
DNA breakage by genistein-Cu(II) and biochanin A-Cu(II) system in 
lymphocytes as measured by Comet Assay: 
Increasing concentrations of genistein (fig 21) and biochanin A (fig 22) [0-50 
^M] either alone or in the presence of 50 |LIM CuCb were tested tor DNA 
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breakage in isolated human peripheral lymphocytes using the Comet \ssay 
The corresponding tail length is plotted as a function of isoflavone 
concentration. It is seen in both the figures that whereas isoflavone alone 
causes some breakage of cellular DNA, the degree of such breakage is 
enhanced in the presence of Cu(II). Cu(II) [50 ^M] controls were similar to 
untreated lymphocyte without any significant DNA breakage. The resuUs 
clearly establish that isoflavone-Cu(II) system is capable of DNA breakage in 
isolated lymphocytes. Thus, such cellular DNA breakage is physiologicall> 
feasible and could be of biological significance. 
4S 
^aufh ~ 
Figure 6: Absorption spectra of genistein in the presence of Cu (II) 
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The 3.0 ml reaction mixture contained 10 mM Tris-HCl (pH 7.5), 50 i^M 
genistein and increasing concentrations of Cu(II). The spectra were recorded 
after addition of components indicated. 
( 1) Genistein alone 
( 2 ) Genistein + 50 i^M Cu(II) 
( 3 ) Genistein + 100 ^M Cu(II) 
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Figure 7: Absorption spectra of biochanin A in the presence of Cu (II) 
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The 3.0 ml reaction mixture contained 10 mM Tris-HCl (pH 7.5), 50 \x.M 
biochanin A and increasing concentrations of Cu(ll). The spectia were 
recorded after addition of components indicated. 
( 1 ) biochanin A alone 
( 2 ) biochanin A + 50 ^M Cu(II) 
( 3 ) biochanin A + 100 ^M Cu(ll) 
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Figure 8: Effect of increasing native DNA base pair molar ratios on the 
fluorescence emission spectra of genistein 
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Genistein (in Tris-HCl, pH 7.5) was excited at its X max (absorption) of 268 nm 
and the emission spectra were recorded between 480-660 nm. 
] Genistein alone (25 |j.M) 
] Genistein: DNA base pair molar ratio (1:1) 
.] Genistein: DNA base pair molar ratio (1:2) 
] Genistein: DNA base pair molar ratio (1:4) 
] Genistein: DNA base pair molar ratio (1:6) 
.._ ] Genistein : DNA base pair molar ratio (1:8) 
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Figure 9: Effect of increasing native DNA base pair molar ratios on the 
fluorescence emission spectra of biochanin A 
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Biochanin A (in Tris-HCl, pH 7.5) was excited at its A, max (absorption) of 260 
nm and the emission spectra were recorded between 480-620 nm. 
] Biochanin A alone (25 |j.M) 
] Biochanin A: DNA base pair molar ratio (1:1) 
] Biochanin A: DNA base pair molar ratio (1:2) 
] Biochanin A: DNA base pair molar ratio (1:4) 
.] Biochanin A: DNA base pair molar ratio (1:6) 
] Biochanin A: DNA base pair molar ratio (1:8) 
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Figure 10: Effect of increasing concentration of Cu(II) on the 
fluorescence emission spectra of genistein 
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Genistein (in Tris-HCl, pH 7.5) was excited at its X ^ ax (absoqjtion) of 268 nm 
and the emission spectra were recorded between 480-660 nm. 
[ ] Genistein alone (50 JLIM) 
[ ] Genistein: Cu(II) molar ratio (1:1) 
[ ] Genistein: Cu(II) molar ratio (1:2) 
[_.._] Genistein: Cu(II) molar ratio (1:4) 
[ ] Genistein: Cu(II) molar ratio (1:6) 
[ ] Genistein : Cu(II) molar ratio (1:8) 
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Figure 11: Effect of increasing concentration of Cu(II) on the 
fluorescence emission spectra of biochanin A 
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Biochanin A (in Tris-HCl, pH 7.5) was excited at its X max (absorption) of 260 
nm and the emission spectra were recorded between 480-620 nm. 
[ _ ] Biochanin A (50 \M) 
[ ] Biochanin A: Cu(II) molar ratio (1:1) 
[ ] Biochanin A; Cu(II) molar ratio (1:2) 
[_.._] Biochanin A: Cu(Il) molar ratio (1:4) 
[ ] Biochanin A: Cu(II) molar ratio (1:6) 
[ ] Biochanin A : Cu(II) molar ratio (1:8) 
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Figure 12: Detection of genistein induced Cu (I) production by 
Bathocuproine 
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Reaction mixture (3.0 ml) contained 10 mM Tris-HCl (pH 7.5) along with 300 
(iM bathocuproine and indicated concentrations of the following:-
(1) Bathocuproine + 100 nM Cu(ll) 
(2) Bathocuproine + 100 nM Cu(I) 
(3) Bathocuproine + 50 [iM genistein 
(4) Bathocuproine + 50 |iM genistein + 100 i^M Cu(II) 
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Figure 13: Detection of biochanin A induced Cu (I) production by 
Bathocuproine 
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Reaction mixture (3.0 ml) contained 10 mM Tris-HCl (pH 7.5) along with 300 
^M bathocuproine and indicated concentrations of the following:-
(1) Bathocuproine + 100 nM Cu(ll) 
(2) Bathocuproine + 100 ^M Cu(I) 
(3) Bathocuproine + 50 ^M biochanin A 
(4) Bathocuproine + 50 ^M biochanin A + 100 ^M Cu(ll) 
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Figure 14: Photogeneration of superoxide anion by genistein/biochanin A 
on illumination under fluorescent light as a function of time 
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Reaction mixture contained 100 mM phosphate buffer (pH 7.5) and 100 i^M of 
genistein (•)/biochanin A (A). Details of the reaction are given in "Methods'". 
The samples were placed at a distance of 10 cm from the light source Ail 
values reported are means of three independent experiments. Enor bars 
represent standard error of mean. 
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Figure 15: Hydroxy! radical generation by genistein/biochanin A 
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Reaction mixture (0.5 ml) contained 100 |uig calf thymus DNA as substiate, 50 
|iM Cu(II) and indicated concentrations of genistein (•) and biochanin A ( ), 
The reaction mixture was incubated at 37 °C for 30 min. Hydroxyl radical 
formation was measured by determining the TBA reactive material as 
described in "Methods". All values reported are means of three independent 
experiments. Error bars represent standard error of mean. 
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Figure 16: Agarose gel electrophoretic pattern of ethidium bromide 
stained pBR322 plasmid DNA after treatment with genistein and 
biochanin A in the absence and presence of copper 
The reaction mixture (30^il) contained 0.50 i^g pBR322 DNA, 10 mM Tris-HCl 
(pH 7.5), indicated concentrations of the two isoflavones and Cu (II). 
Incubation was carried out at 37°C for 2 hour 
Lane I: DNA alone; Lane 2: DNA + Cu(II) 100 ^M; Lane 3: DNA + Genistein 
(150^M); Lane 4: DNA + Biochanin A (150^M); Lane 5: DNA + Genistein 
(I50|iiM) + Cu(II) 100 ^M; Lane 6: DNA + Biochanin A (150nM) + Cu(II) 
100 ^M. 
SC=Supercoiled DNA; 0C== Open circular; Lin=Linear 
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Figure 17: Degradation of calf thymus DNA by genistein in the presence of 
Cu(II) as measured by the degree of single strand specific nuclease 
digestion 
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Reaction mixture (0.5 ml) comaining 10 mM Tris-HCl (pH 7.5) and 500 i^g 
calf thymus DNA was incubated at 37 °C with indicated concentiations of 
genistein alone (•) and genistein with Cu(n) (50 ^M) (•). Single stiand 
specific digestion was performed as described in "Methods". All points 
represent triplicates and mean values have been plotted. Error bars represent 
SEM of three independent experiments. 
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Figure 18: Degradation of calf thymus DNA by biochanin A in the 
presence of Cu(II) as measured by the degree of single strand specific 
nuclease digestion 
0 50 100 150 200 
Biochanin A (|JM) 
250 300 
Reaction mixture (0.5 ml) containing 10 mM Tris-HCl (pH 7.5) and 500 i^g 
calf thymus DNA was incubated at 37 °C with indicated concentiations of 
biochanin A alone (•) and biochanin A with Cu(II) (50 ^M) (•). Single stiand 
specific digestion was performed as described in "Methods". All points 
represent triplicates and mean values have been plotted. Error bars represent 
SEM of three independent experiments. 
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Figure 19: Standardization of Comet Assay with H2O2 
B 
D 
2+ Reaction mixture (1 ml) contained 1 xlO" cells, RPMI 400 \il, PBS Ca^  and 
Mg^ ^ free and indicated concentrations of H2O2 (0-50 i^M). The reaction 
mixture was incubated at 37 °C for 30 min and processed further for Comet 
Assay as described in "Methods". 
Photographs of comets (lOOx) obtained on incubating lymphocytes with 
varying concentrations of H2O2. 
(A) Untreated lymphocytes 
(B) Lymphocytes + 10 fiM H2O2 
(C) Lymphocytes + 20 i^M H2O2 
(D) Lymphocytes + 50 ^M H2O2 
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Figure 20: Standardization of Comet Assay with H2O2 
10 20 30 
H2O2 (\M) 
40 50 
The data corresponding to Figure 19 is plotted as tail lengths of comets with 
increasing concentrations of H2O2 (0-50 |AM). All points represent mean of 
three independent experiments. Error bars denote ± SEM. P value < 0.05 and 
significant when compared to control. 
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Figure 21: DNA breakage by genistein in human peripheral lymphocytes 
in the absence and presence of Cu(n) 
0 10 20 50 
Genistein (pM) 
Reaction mixture (1.0 ml) contained 1 xlO^ cells, RPMl 400 ^1, PBS Ca^ and 
2+ Mg free, increasing concentrations of genistein (0-50 \iM) and 50 |iM Cu(II). 
The reaction mixture was incubated for 1 hr at 37 °C. After incubation the cells 
were processed further for Comet Assay as described in "Methods". Comet tail 
length (^ metres) plotted as a function of increasing concentrations of genistein 
(0-50 \iM) in the absence (•) and presence (^) of 50 fiM Cu(ll). All points 
represent mean of three independent experiments. Error bars denote ± SEM. P 
value < 0.05 and significant when compared to control. 
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Figure 22: DNA breakage by biochanin A in human peripheral 
lymphocytes in the absence and presence of Cu(II) 
0 10 20 
Biochanin A (MM) 
50 
Reaction mixture (1.0 ml) contained 1 xlO^ cells, RPMI 400 ^1, PBS Ca^' and 
Mg^ ^ free, increasing concentrations of biochanin A (0-50 ^M) and 50 jiM 
Cu(II). The reaction mixture was incubated for 1 hr at 37 °C. After incubation 
the cells were processed further for Comet Assay as described in "Methods". 
Comet tail length {\i metres) plotted as a function of increasing concentiations 
of biochanin A (0-50 ^M) in the absence (•) and presence (m) of 50 ^M Cu(II). 
All points represent mean of three independent experiments. Error bars denote 
± SEM. P value < 0.05 and significant when compared to control. 
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DISCUSSION! 
Most of the pharmacological properties of plant polyphenols are considered to 
reflect their ability to scavenge endogenously generated oxygen radicals or 
those free radicals formed by various xenobiotics, radiation etc. However, 
some data in the literature suggests that the antioxidant properties of the 
polyphenolic compounds may not fully account for their chemopreventive 
effects (Gali et al., 1992; Hadi et al., 2000). Although most plant polyphenols 
are considered to have a physiological role as antioxidants, they may also 
exhibit prooxidant properties in the presence of transition metals such as 
copper (Inoue et al., 1994: Ahmad et al., 1992). The results presented m this 
chapter lead to the conclusions that both the isoflavones, genistem and 
biochanin A; (i) are able to interact with DNA as well as Cu (II) and possibly 
form a ternary complex of DNA-Cu (Il)-isoflavone , (ii)are able to reduce 
Cu(II) to generate Cu(I), (iii) redox cycling of copper leads to the generation oi 
various reactive oxygen species, particularly the hydroxyl radical, (iv) induce 
strand scission in calf thymus DNA and plasmid DNA in the presence of 
copper ions, (v) and show a similar copper dependant activation leading to 
enhanced DNA degradation in the cellular system of human peripheral 
lymphocytes. These observations suggest that such a prooxidant mechanism of 
DNA breakage involving Isoflavone-Cu(II) system is physiologically feasible 
and could be of biological significance. 
These results place the isoflavones genistein and biochanin A among the other 
classes of plant-derived polyphenolic antioxidants such as flavonoids (Ahmad 
et al., 1992), tannins (Bhat and hadi, 1994), and catechins (Azam et al,, 2004), 
which also exhibit prooxidant DNA damaging properties. Interestingly certain 
properties of naturally occurring antioxidants such as binding and cleavage of 
DNA and the generation of ROS in the presence of transition metal ions 
(Rehman et al., 1990) are similar to those of certain known anticancer drugs 
(Ehrenfeld et al., 1987). Metal ion dependent degradation of DNA b\ 1,10-
phenanthroline (Gutteridge and Halliwell, 1982), bleomycin (Ehrenfeld et al., 
OJ 
1987), adriamycin (Eliot., 1984; Haidle and McKiimey, 1985) as well as 
flavonoids (Ahmad et al, 1992; Rahman et al., 1989) are based on mechanisms 
involving oxygen-derived radicals. The generation of hydroxyl radicals in the 
proximity of DNA is well established as a cause of strand scission It is 
generally recognized that such reaction with DNA is preceded by the 
association of a ligand with DNA followed by the formation of hydroxy! 
radicals at that site. Among oxygen radicals the hydroxyl radical is most 
electrophilic with high reactivity and therefore possesses a small diffusion 
radius. Thus, in order to cleave DNA it must be produced in the vicinity ot 
DNA (Pryor 1988). The location of the redox-active metal is of utmost 
importance because the hydroxyl radical, due to its extreme reactivity, interacts 
exclusively in the vicinity of the bound metal (Chevion 1988). Fe' and Cu'' 
are the most redox-active of the metal ions in living cells. Wolfe et al (1994) 
have proposed that a copper mediated Fenton reaction, generating site-specific 
hydroxyl radicals, is capable of inducing apoptosis in thymocytes. Copper ions 
are known to interact with both DNA phosphates and the bases through 
coordination binding (Zimmer et al., 1971) and are also present naturally in 
chromatin, associated with guanine bases (Kagawa et al., 1991). Direct 
interaction of isoflavone compounds genistein and biochanin A with the DNA 
bound copper ions in a ternary complex and localized generation of non 
diffusible hydroxyl radical is a likely mechanism involved in isoflavone- C\i 
(II) induced DNA cleavage. 
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RESULTS-II 
Standardization of Lysed version of Comet Assay using H2O2: 
Lysed version of the Comet assay has been used to study the direct interaction 
of various agents with cell nuclei as it eliminates the banier presented by cell 
membrane and the intracellular environment (Szeto et al., 2002). Lysed version 
of comet assay was performed as described by Kasamatsu et al., (1996) with 
some modifications.' In this technique, the lymphocytes (embedded in agarose 
on slides) were lysed and the nuclei on such slides were subsequently treated 
with the test agent (See "Materials and Methods"). H2O2 is a known genotoxic 
agent and is routinely used in genotoxicity testing. In order to standardize the 
lysed version of Comet Assay an experiment was performed with H2O2. 
Photographs of comets (lOOx) observed after treatment of lymphocyte nuclei 
with increasing concentrations of H2O2 are shown in figure 23. As can be seen, 
untreated lymphocyte nuclei were not damaged and do not show a tail 
However, with increasing concentrations of H2O2, a progressive increase in the 
length of comet tails is observed. In figure 24, the results of the same 
experiment are plotted as comet tail length (^m) as a function of increasing 
H2O2 concentration. 
A comparison of DNA breakage induced by isoflavones in intact 
lymphocytes and lymphocyte nuclei as measured by Comet Assay : 
It has been earlier shown (Chapter I) that isoflavones are able to cause single 
strand breaks in a cellular system and that the degree of such DNA breaks is 
greater in the presence of copper. Since in the lysed version of the Comet 
assay, membrane and cytoplasmic barrier is eliminated it would be reasonable 
to assume that the isoflavone is able to directly interact with the cell nuclei. 
Thus, considerably greater DNA breakage should be observed in the lysed 
version as compared with the standard version where intact lymphocytes are 
used. Increasing concentrations (0-50)iM) of genistein (fig. 25) and biochanin 
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A (fig. 26) were tested for DNA breakage in intact lymphocytes (standard 
version of Comet assay) and compared with that observed with lymphocyte 
nuclei (lysed version). In the given figures, the data is plotted as tail lengths of 
comets obtained with increasing concentration of isoflavone. It is seen that the 
rate of tail formation is considerably greater in the case of lysed version 
suggesting that isoflavones are able to directly interact with the nuclei when 
lysed version of comet assay is used. Similar results have also been reported by 
Kasamatsu et al (1996) using bleomycin and H2O2 
Effect of neocuproine and bathocuproine on genistein and biochanin A 
induced DNA breakage in lymphocytes and lymphocyte nuclei: 
In the experiment shown in figure 27 and figure 28, the DNA breakage induced 
by genistein (fig. 27 A and 27 B) and biochanin A (fig. 28A and 28B) in intact 
lymphocytes and lymphocyte nuclei has been assessed in the presence of Cu(I) 
specific chelators neocuproine and bathocuproine. Incubation of lymphocytes 
with neocuproine (a cell membrane permeable copper chelator) inhibited DNA 
degradation in intact lymphocytes. Bathocuproine disulphonate (the water 
soluble membrane impermeable analog of neocuproine) which is unable to 
permeate through the cell membrane did not cause such inhibition. This study 
has further shown that isoflavones are able to degrade DNA in cell nuclei and 
that such DNA degradation is inhibited by neocuproine as well as 
bathocuproine disulphonate (both of which are able to permeate the nuclear 
pore complex), suggesting that nuclear copper is mobilized in this reaction. 
These results indicate that oxidative DNA breakage by isoflavone involves 
mobilization of chromatin bound copper and that Cu (1) is an intermediate m 
the pathway that leads to DNA breakage. 
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A comparison of DNA breakage in lymphocyte nuclei by various 
polyphenols: 
Table III provides the data obtained for the DNA breakage induced by various 
polyphenohc compounds which are known to possess anticancer and apoptosis 
inducing properties. The table shows that similar to isoflavones, other classes 
of plant polyphenols such as anthocyanidins (delphinidin), Catechins (EGC^G) 
and stillbenes (resveratrol) are able to interact with cell nuclei leading to single 
strand breaks which are inhibited by copper chelator bathocuproine 
disulphonate. It may be suggested that the differential DNA cleavage efficiency 
of various polyphenols is a function of the difference in the numbei and 
position of hydroxyl groups as well as copper binding/reducing efficiency (Jain 
et.al, 1999). Further we believe that such a common mechanism better 
explains the anti-cancer effects of polyphenols with diverse chemical 
structures. 
Effect of desferrioxamine mesylate and histidine on isoflavone induced 
DNA breakage in lymphocytes and lymphocyte nuclei: 
It may be mentioned that Fe^^ and Cu^^  are the most redox active of the metal 
ions present in living cells. Also, copper and zinc are the major metal ions 
present in the nucleus (Bryan, 1979). To examine the possible involvement of 
iron and zinc in isoflavone induced DNA breakage, the effect of 
desferrioxamine mesylate (a Fe(II) specific chelator) and histidine (a zinc 
specific chelator) has been examined on genistein (fig. 29) and biochanm A 
(fig. 30) induced DNA breakage in lymphocytes and lymphocyte nuclei. The 
results of figure 29 and 30 (A&B) indicate that desferrioxamine mesylate as 
well as histidine were unable to inhibit isoflavone induced DNA breakage in 
lymphocytes or lymphocyte nuclei suggesting that isoflavones mobilize 
endogenous copper ions leading to oxidative DNA breakage (figure 27/28) 
67 
li^sufh - i '< 
Effect of active oxygen scavengers on genistein/biochanin A induced DNA 
breakage in lymphocytes and lymphocyte nuclei: 
Table IV gives the results of an experiment where various scavengers of 
reactive oxygen species such as superoxide dismutase (SOD), catalasc and 
thiourea were tested for their effect on genistein^iochanin A induced DNA 
breakage in lymphocytes. SOD and catalase remove superoxide and H2O2 
respectively and thiourea remove hydroxyl radicals. All scavengers caused 
significant inhibition of DNA breakage as evidenced by decreased tail lengths. 
It may be mentioned that due to the site specific nature of the reaction of 
hydroxyl radicals with DNA it is difficult for any trapping molecules to 
intercept them completely (Czene et al., 1997). The results indicate that 
superoxide anion and H2O2 are essential components in the pathway that leads 
to the formation of hydroxyl radical and other species which would be the 
proximal DNA cleaving agents. In a similar experiment given in Table V 
effect of the scavengers was studied in DNA breakage induced by isofiavones 
in lymphocyte nuclei. The results clearly demonstrate inhibition of such DNA 
breakage by scavengers in nuclei. It is suggested that a mechanism involving 
reactive oxygen species is responsible for cellular DNA breakage induced by 
isofiavones. 
Determination of TEARS as a measure of oxidative stress induced in 
lymphocytes by genistein/biochanin A in the presence of neocuproine and 
thiourea: 
As mentioned above we presume that lymphocyte DNA breakage induced by 
isofiavones is the result of the generation of reactive oxygen species in siiu. 
Oxygen radical damage to deoxyribose or DNA is considered to gi\e rise to 
TBA reactive material (Quinlan & Gutterige, 1987). In the experiment shown 
in figure 31A and 3 IB, the formation of TBA reactive substance (TEARS) as a 
measure of oxidative stress in lymphocytes with increasing concentrations of 
genistein and biochanin A has been determined. The effect of preincubating the 
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cells with neocuproine and thiourea was also studied. Resuhs given in figure 
show that there is a dose dependent increase in the formation of TBA reactive 
substance in lymphocytes. However, when cells were preincubated with 
neocuproine and thiourea there was a considerable decrease in the raie o'i 
formation of TBA reactive substance by isoflavones. The results given in 
fig.27/28 along with the above results indicate that both DNA breakage and 
oxidative stress in cells is inhibited by Cu(I) chelation and scavenging of 
reactive oxygen. Thus it can be concluded that the formation of reactive 
oxygen species by isoflavones in lymphocytes involves their interaction with 
intracellular copper as well as its reduction to Cu(I). 
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Figure 23: Standardization of Lysed version of Comet Assay with H2O2 
B 
D 
Lymphocyte nuclei were incubated with the reaction mixture (2.0 ml) 
containing 0.4 M phosphate buffer (pH 7.5) and indicated concentrations of 
H2O2 (0-20 nM) at 37 °C for 30 min and processed further for lysed version of 
Comet Assay as described in "Methods". 
Photographs of comets (lOOx) obtained on incubating lymphocyte nuclei with 
varying concentrations of H2O2. 
(A) Untreated lymphocytes 
(B) Lymphocytes + 05 ^M H2O2 
(C) Lymphocytes + 10 ^ iM H2O2 
(D) Lymphocytes + 20 |iM H2O2 
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Figure 24: Standardization of Lysed version of Comet Assay with H2O2 
HzOzfpM) 
The data corresponding to Figure 23 is plotted as tail lengths of comets with 
increasing concentrations of H2O2 (0-20 ^M). All points represent mean of 
three independent experiments. Error bars denote ± SEM. P value < 0.05 and 
significant when compared to control. 
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Figure 25: Comparison of DNA breakage by genistein in intact 
lymphocytes and lymphocyte nuclei as measured by Comet assay 
0 10 20 30 
Genistein ((JM) 
40 50 
Lymphocytes / lymphocyte nuclei were incubated with the reaction mixture 
(2.0 ml) containing PBS Ca^ ^ and Mg^^  free (standard version) / 0 4 M 
phosphate buffer (pH 7.5) (lysed version) respectively and indicated 
concentrations of genistein (0-50 |iM) at 37 °C for 1 hr and processed fuithei 
for Comet Assay as described in "Methods". Comet tail length (^imetiesj 
plotted as a function of increasing concentrations of genistein (0-50^M) in 
lymphocytes (•) and lymphocyte nuclei (•). All points represent mean of three 
independent experiments. Error bars denote ± SEM. P value < 0.(»5 and 
significant when compared to control. 
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Figure 26: Comparison of DNA breakage by biochanin A in intact 
lymphocytes and lymphocyte nuclei as measured by Comet assay 
0 10 20 30 
Biochanin A(MM) 
40 50 
Lymphocytes / lymphocyte nuclei were incubated with the reaction mixture 
(2.0 ml) containing PBS Ca^ ^ and Mg^^ free (standard version) / 0 4 M 
phosphate buffer (pH 7.5) (lysed version) respectively and indicated 
concentrations of biochanin A (0-50 |iM) at 37 °C for 1 hr and processed 
further for Comet Assay as described in "Methods". Comet tail length 
(^metres) plotted as a function of increasing concentrations of biochanin A (0-
SO^M) in lymphocytes (•) and lymphocyte nuclei (•). All points represent 
mean of three independent experiments. Error bars denote ± SEM. P \alue < 
0.05 and significant when compared to control. 
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Figure 27: Effect of neocuproine/bathocuproine on genistein induced DNA 
breakage in lymphocytes (A) and lymphocyte nuclei (B) 
(A) 
50 100 
Bathocuproine / Neocuproine (pM) 
150 
(B) 
10 20 30 40 
Bathocuproine/Neocuproine (|JM) 
Lymphocyte / lymphocyte nuclei were incubated with the reaction mixture (2 0 
ml) containing genistein (50 ^M) and indicated concentrations of neocuproine / 
bathocuproine at 37 °C for 1 hr and processed further for Comet Assay. C omet 
tail length (|LI metres) plotted as a function of increasing concentrations of 
neocuproine (•) and bathocuproine (•) in lymphocytes (A) and lymphocyte 
nuclei (B). Values reported are ± SEM of three independent experiments, P 
value < 0.05 and significant when compared to untreated control. 
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Figure 28: Effect of neocuproine/bathocuproine on biochanin A induced 
DNA breakage in lymphocytes (A) and lymphocyte nuclei (B) 
(A) 
(B) 
50 100 
Bathocuproine / Neocuproine {\iM) 
150 
10 20 30 40 
Bathocuproine/Neocuproine (pM) 
50 
Lymphocyte / lymphocyte nuclei were incubated with the reaction mixture (2.0 
ml) containing biochanin A (50 |iM) and indicated concentrations of 
neocuproine / bathocuproine at 37 °C for 1 hr and processed further for Comet 
Assay. Comet tail length (\i metres) plotted as a function of increasing 
concentrations of neocuproine (•) and bathocuproine (•) in lymphocytes (A) 
and lymphocyte nuclei (B). Values reported are ± SEM of three independent 
experiments. P value < 0.05 and significant when compared to untieated 
control. 
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Table III: Comparison of DNA breakage induced by various polyphenols in 
lymphocyte nuclei and its inhibition by bathocuproine 
Polypenols 
(50nM) 
Gallic acid 
Delphinidin 
Theaflavin 
EGCG 
Caffeic acid 
Resveratrol 
Tannic acid 
Tail length with 
polyphenol alone 
(jimetres) (#) 
30.21 ±2.29 
28.10 ±2.12 
25.21 ±2.01 
24.32 ± 1.97 
24.03 ± 1.86 
20.30 ± 1.73 
12.67 ± 0.95 
Tail length in the 
presence of 
bathocuproine 
(50^M) 
(limetres) (*) 
11.20 ±1.02 
10.62 ±0.95 
08.04 ± 0.72 
05.11 ±0.39 
10.15 ±0.93 
08.70 ± 0.75 
07.02 ± 0.63 
% Inhibition | 
i 
62.6 1 
62.2 ; 
68.0 
70.0 
67.7 
57.2 
44.7 
*p<0.05 as compared with control (#).Data represent ± S.E.M of thiee 
independent experiments 
•r'; 
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Figure 29: Effect of desferrioxamine mesylate / histidine on genistein 
induced DNA breakage in lymphocytes (A) and lymphocyte 
nuclei (B) 
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Lymphocyte / lymphocyte nuclei were incubated with the reaction mixtuje (2 0 
ml) containing genistein (50 ^M) and indicated concentrations of 
desferrioxmine mesylate / histidine at 37 °C for 1 hr and processed further for 
Comet Assay. Comet tail length ([x metres) plotted as a function of mcreasing 
concentrations of desferrioxmine mesylate (•) and histidine (•) in lymphocytes 
(A) and lymphocyte nuclei (B). Values reported are ± SEM of three 
independent experiments. P value < 0.05 and significant when compared to 
untreated control. 
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Figure 30: Effect of desferrioxamine mesylate / histidine on biochanin A 
induced DNA breakage in lymphocytes (A) and lymphocyte 
nuclei (B) 
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Lymphocyte / lymphocyte nuclei were incubated with the reaction mixture (2 0 
ml) containing biochanin A (50 ^M) and indicated concentrations of 
desferrioxmine mesylate / histidine at 37 °C for 1 hr and processed further for 
Comet Assay. Comet tail length (|i metres) plotted as a function of increasing 
concentrations of desferrioxmine mesylate (•) and histidine (•) in lymphocytes 
(A) and lymphocyte nuclei (B). Values reported are ± SEM of three 
independent experiments. P value < 0.05 and significant when compared to 
untieated control. 
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Table IV: Effect of scavengers of reactive oxygen species on isoflavone 
induced DNA breakage in lymphocyte 
Dose 
Untreated 
Biochanin A (SO i^M) 
+ Catalase(100^g/mI) 
+ SOD(100|xg/ml) 
+ Thiourea (ImM) 
Genistein (50^M) 
+ Catalase(100^g/ml) 
+ SOD(100ng/ml) 
+Thiourea (ImM) 
Tail length (jam) 
02.12 ±0.15 
22.04 ± 1.32' 
11.08 ±1.04* 
09.42 ± 0.76* 
13.60 ±1.21* 
27.94 ±2.12' 
13.18 ±0.67* 
14.70 ±1.19* 
16.34±1.11* 
Inhibition 
-
-
49.7% 
57.2% 
38.2% 
52 8% 
47.33%> 
41.50% 
*p<0.05 as compared with control (#).Data represent ± S.E.M of three 
independent experiments 
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Table V: Effect of scavengers of reactive oxygen species on isoflavone 
induced DNA breakage in lymphocyte nuclei 
Dose 
Untreated 
Biochanin A (SO i^M) 
+ Catalase(100ng/ml) 
+ SOD(100ng/ml) 
+ Thiourea (ImM) 
Genistein (SO i^M) 
+ Catalase (lOO^ig/ml) 
+ SOD(100^g/ml) 
+ Thiourea (ImM) 
Tail length (jim) 
02.07 ±0.16 
26.42 ±2.12' 
09.51 ±0.86* 
10.54 ±0.94* 
06.84 ±0.53* 
30.49 ±2.51' 
10.19 ±0.76* 
13.64±1.11* 
09.10 ±0.57* 
Inhibition 
-
-
64.0% 
60.1% 
72.9% 
-
66.5% 
55.2% 
70.1% 
*p<0.05 as compared with control (#).Data represent ± S.E.M of thiee 
independent experiments 
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Figure 31: Effect of preincubation of lymphocyte with neocuproine and 
thiourea on TEARS generated by increasing concentrations of 
genistein (A) and biochanin A (B) 
(A) 
50 100 150 200 
Genistein (pM) 
250 300 
(B) 
50 100 150 200 
BiCKhanin A( |JM) 
250 300 
Lymphocytes were preincubated with fixed concentration of neocuproine and 
thiourea for 30 min at 37°C after which it was further incubated for Ihr in the 
presence of increasing concentrations of genistein (A) and biochanin A (B). 
Isoflavone alone (•), Isoflavone + neocuproine (1 mM) (•), Isoflavone ^ 
thiourea (1 mM) (A). Values reported are ± SEM of three mdependent 
experiments. 
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DISCUSSION-II 
As already mentioned several classes of plant derived antioxidant polyphenols 
also exhibit oxidative DNA degradation properties particularly in the presence 
of transition metal ions such as copper. In the light of these observations \\ e 
have proposed a mechanism suggesting the involvement of endogenous copper 
in the anticancer activity of plant polyphenols. In recent years several repons 
have documented that plant polyphenolics including genistein (from soybean) 
and biochanin A (from legumes) induce apoptosis in various cancer cell Imes 
(Ahmad et al., 1997; Jaruga et al., 1998; Clement et al., 1998; Hsu et al , 1999; 
Chodon et al., 2007). However, the mechanism by which these compounds 
inhibit proliferation and induce apoptosis in cancer cells has been the subject of 
considerable interest. Of particular interest is the observation that a number of 
these polyphenols including EGCG, gallic acid, resveratrol and gem stem 
induce apoptotic cell death in various cancer cell lines but not in normal cells 
(Ahmad et al., 1997; Clement et al., 1998; Inoue et al., 1994; Chang et al,, 
2008). 
Further, several reports indicate that serum (Ebadi and Swanson, 1998), tissue 
(Yoshida et al., 1993) and intracellular copper levels in cancer cells 
(Carpentieri et al., 1986; Gupte and Mumper, 2008) are significantly enhanced 
in various malignancies. Indeed, such levels have been described as a sensitive 
index of disease activity of several hematologic and non-hematologic 
malignancies (Pizzolo et al., 1978). Therefore, cancer cells may be more 
subject to electron transfer between copper ions and polyphenols than normal 
cells to generate reactive oxygen species such as hydroxyl radicals which act as 
proximal DNA cleaving agents. It thus appears that copper dependant cellular 
redox status is an important element in the prooxidant activity of these 
compounds in selectively targeting cancer cells. 
The major conclusions of the experiments presented in this chapter are (i) usmg 
a cellular system of lymphocyte, it has been shown that isoflavones genistem 
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and biochanin A mobilize endogenous copper leading to oxidative breakage of 
cellular DNA, (ii) using a system of lymphocyte nuclei, it is further reported 
that it is the nuclear copper, possibly chromatin bound, which is being 
mobiUzed in case of isoflavone induced DNA breakage, (iii) other redox active 
metals present in biological system such as iron and zinc do not appear to 
contribute to this isoflavone mediated oxidative process, (iv) such DNA 
breakage is caused by the generation of reactive oxygen species (ROS). 
In normal cells there exists a balance between the free radical generation and 
the antioxidant defense (Devi et al., 2000). However, it has been clearly 
documented that tumor cells are under persistent oxidative stress and have an 
altered antioxidant system ( Schumacker, 2006) and thus further ROS stiess m 
these malignant cells reaching a threshold level could result in apoptosis 
(Gupte and Mumper, 2008) These observations further suggest that neoplastic 
cells may be more vulnerable to oxidative stress because they function with a 
heightened basal level of ROS due to increased rate of growth and metabolism. 
Thus in cancer cells, an enhanced exposure to ROS can overwhelm the cells 
antioxidant capacity, leading to irreversible damage and apoptosis (Kong et al., 
2000). Indeed several in vitro and in vivo studies over the last decade with a 
number of agents such as hypoxanthine/xanthine oxidase which produce ROS 
have shown that their administration leads to cytotoxic effects which are 
limited to cancer cells while there was low or no toxicity in the surrounding 
normal tissue (Yoshikawa et al., 1995). An important component of our 
hypothesis is that plant polyphenols mobilize chromatin bound copper which is 
redox cycled and which in turn leads to the formation of ROS. A model for the 
entry and interaction of phenols with chromatin-associated copper has also 
been described (Li and Trush, 1994).This is also in concurrence with the idea 
that because of its extreme reactivity the hydroxyl radical must be produced in 
the vicinity of DNA (Pryor, 1988) in order to cause its cleavage. The results 
presented in this chapter show that polyphenols are able to mobilize 
endogenous copper ions from lymphocyte nuclei and thus are in agreement 
'Oiscussion-! t 
with this requirement. We have earlier shown that flavonoids are able to form a 
ternary complex with DNA and Cu(II) where Cu(II) is reduced to Cu(l) 
(Rahman et al, 1989). Polyphenols are known to reduce molecular oxygen to 
superoxide anion leading to the formation of H2O2 (Ahmad et al , 1992), 
Superoxide can also be formed by reoxidation of Cu(l) to Cu(ll) in the teinaiy 
complex (Rahman et al., 1989). Chromatin bound copper is understood to be 
present in the reduced form (Cu(l)) (Lewis and Laemelli, 1982) and thus would 
be available for reoxidation to Cu(II) by H2O2 in the Fenton type reaction and 
binding to polyphenols and recycling. Several studies have implicated ROS 
mediated oxidative stress in DNA damage (Dubuisson et al., 2000; Suzuki et 
al., 2000). An association of phytoestrogen including genistein and ROS 
mediated DNA breakage has also been demonstrated (Anderson et al., 2003; 
Cemeli et al., 2004). Such oxidative injury was shown to be inhibited by both 
enzymatic and non enzymatic antioxidants such as catalase, superoxide 
dismutase and ascorbic acid respectively indicating the involvement of a 
possible prooxidant mechanism. Further, it has been proposed that most 
clinically used anticancer drugs can activate late events of apoptosis (DNA 
degradation and morphological changes) and the essential signaling pathways 
differ between pharmacological cell death and physiological induction of cell 
death (Smets, 1994). Fe and Cu are the major redox active metals present m 
living systems. There are several studies which have focused on determining 
the concentrations of four important elements; copper, zinc, iron and selenium 
in cancer patients (Kuo wt al., 2002; Zuo et al., 2006). These studies showed 
that while the zinc, iron and selenium concentrations were significantly lower 
in cancer patients, the copper concentrations were almost always found to be 
either elevated or significantly elevated (up to 2-3 fold) compared to age 
matched samples from normal tissue. These observations suggest an important 
role of endogenous copper in the prooxidant activity of polyphenols leading to 
cellular DNA breakage and consequent cell death. 
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RESULTS-III 
Standardization of Comet assay using permeabilized lymphocytes with 
H2O2: 
In the previous chapter, a lysed version of Comet assay was used to 
demonstrate the direct interaction of isoflavones with cell nuclei that leads to 
an enhanced oxidative breakage. However, since the lysed version required the 
preparation of cell nuclei at an alkaline pH, there existed a possibility that the 
cellular DNA might undergo structural changes. Hence, in this chapter, such a 
possibility has been ruled out using a system of permeabilized lymphocytes 
which allows the direct interaction of the isoflavones with cell nuclei at 
physiological pH. The permeabilized lymphocytes were prepared b> the 
method described by Czene et al., (1997). In order to standardize the Comet 
Assay in permeabilized lymphocytes, an experiment was performed with H2O2 
The results of the experiment are plotted as comet tail length (jim) as a function 
of increasing H2O2 concentration. As can be seen from figure 32, untreated 
permeabilized lymphocytes were not damaged and do not show a significant 
tail. However, with increasing concentrations of H2O2, a considerable increase 
in the length of comet tails is observed. 
A comparison of DNA breakage induced by genistein and its methylated 
structural analogue biochanin A: 
In the present experiment increasing concentrations of genistein and biochanin 
A (10, 20, 50 \xM) were tested for DNA breakage in isolated lymphocytes 
using alkaline single cell gel electrophoresis (Comet assay). As can be seen in 
fig. 33A, there is a dose dependant increase in the DNA breakage induced by 
genistein and biochanin A with clear tail lengths indicative of significant 
breakage of cellular DNA. Further the effect of these isoflavones on 
permeabililized lymphocytes at the same concentrations (fig.33B) was also 
tested. Use of permeabilized lymphocytes allows the direct interaction of 
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isoflavones with cell nuclei at physiological pH eliminating the need lo first 
lyse the cells at alkaline pH and then resuspending them at neutral pH as was 
have done previously (chapter II). Thus, considerably greater DNA breakage 
should be observed in permeabilized lymphocytes as compared to the mtact 
cells. Fig.33B in comparison to fig.33A shows that the rate of tail formation 
induced by genistein and biochanin A is indeed greater in the case oi 
permeabilized lymphocytes suggesting that isoflavones are able to interact with 
the nuclei when a permeabilized system is used. However, in both intact anct 
permeabilized cells, the rate of DNA breakage is greater in the case of genistein 
relative to biochanin A. 
Effect of reactive oxygen scavengers on isoflavone induced DNA breakage 
in permeabilized lymphocytes: 
In order to examine whether the ROS mediated mechanism of DN/\ breakage 
that was proposed in case of whole cells and cell nuclei (chapter II) also holds 
in permeabilized lymphocytes, in table VI, it has been shown that isoflavones 
genistein and biochanin A induced DNA breakage in permeabilized cells is 
inhibited to significant degrees by various scavengers of reactive oxygen 
species. The data given in the table confirms the results of the earlier studies 
were it was concluded that the isoflavone-induced cellular DNA degradation is 
the result of the formation of reactive oxygen species of which superoxide 
anion and the hydroxyl radical are the proximal DNA damaging agents. Since 
the results are similar to those seen with lymphocyte and lymphocyte nuclei, it 
is suggested that the same mechanism involving reactive oxygen species is 
responsible for DNA breakage irrespective of whether lymphocyte nuclei or 
permeabilized lymphocytes are treated with isoflavones. 
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Effect of metal-specific chelators on isoflavone-induced DNA breakage in 
cellular and permeabilized lymphocytes: 
In the experiment shown in Table VII, various metal-specific chelators, which 
selectively bind to copper, iron and zinc, were used to study their effect on 
genistein^iochanin A-induced DNA degradation in whole lymphocytes as well 
as in permeabilized cells. In whole cells, a clear inhibition of DNA degradation 
was observed with neocuproine (a cell membrane permeable Cu(l) specific 
chelator). Further, no such inhibition was seen with bathocuproine disulphonate 
(a water soluble membrane impermeable analogue of neocuproine). 
desferrioxamine mesylate (a Fe(II) specific chelator) and histidine (a zmc 
specific chelator). However, in permeabilized lymphocytes, both neocuprome 
and bathocuproine were found to inhibit the DNA breakage while iron and zmc 
chelators were still ineffective in causing such inhibition. Bathocuprome 
disulphonic acid, which is impermeable to cell membrane, may freely traverse 
through permeabilized cells to directly interact with the cell nuclei. Further, it 
may be noted that the nuclear pore complex is permeable to small molecules. 
Therefore, these results suggest that irrespective of whether lymphocyte nuclei 
or permeabilized lymphocytes are used, isoflavones specifically mobilizes 
chromatin bound copper leading to oxidative DNA breakage. 
H2O2 generation by isoflavones in the incubation medium: 
It is well known that polyphenols auto-oxidize in cell culture media to generate 
H2O2 and quinone that can enter cells/nuclei causing damage to various 
macromolecules (Long et al, 2000). This may lead to extraneous production of 
reactive oxygen species that could also account for cellular DNA breakage In 
order to examine this possibility we have determined the formation of H2O2 by 
isoflavones in the incubation medium and compared it with a known generator 
of H2O2namely tannic acid (Bhat and Hadi 1994). In the resuhs given in fig.34, 
we show that the rate of formation of H2O2 by tannic acid in the incubation 
medium is considerably greater whereas that by isoflavones is relatively 
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negligible. Further, we have also compared the comet tail length formation as a 
function of increasing concentrations of isoflavones and tannic acid. As seen in 
fig.35, whereas isoflavones show significant tail formation in a dose dependant 
manner, tannic acid is not effective in causing DNA breakage. These results 
indicate that cellular DNA breakage by isoflavones observed in our studies is 
not the result of extracellular production of H2O2 as there exist no con elation 
between relative H2O2 production by tannic acid and isoflavones and their 
ability to cause DNA breakage. 
Standardization of TBHP induced oxidative stress in lymphocytes as 
measured by Comet assay: 
TBHP (Tert-butyl hydroperoxide) is a well known inducer of ROS mediated 
oxidative stress that results in DNA damage (Dubuisson et al., 2000; Suzuki et 
al., 2000). In the work presented here, TBHP has been used to generate ROS 
mediated oxidative stress in lymphocytes in order to study the antioxidant 
potential of isoflavones genistein and biochanin A. Comet assay has been used 
to measure the degree of DNA breakage induced by TBHP generated ROS In 
the experiment shown in figure 36, untreated cells are not damaged and do not 
show comet tail lengths while increasing concentrations of TBHP lead to a 
progressive increase in comet tail lengths as a measure of DNA breakage. 
Another experiment was performed using ascorbic acid which is a known 
antioxidant. As can be seen from figure 37, ascorbic acid is able to inhibit 
TBHP-induced oxidative stress and hence DNA breakage in lymphocytes. 
Antioxidant activity of isoflavones against TBHP-induced oxidative stress 
in lymphocytes: 
As already mentioned TBHP is a well known inducer of ROS mediated 
oxidative stress that results in DNA damage. The present study show the 
antioxidant potential of genistein and biochanin A in providing protection to 
lymphocytes against TBHP-induced oxidative injury. Fig. 38 shows that 
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whereas both genistein and biochanin A were able to inhibit the TBHP-induced 
lymphocyte DNA degradation, their relative antioxidant activities were 
different where genistein was found to be a more effective antioxidant as 
compared to biochanin A. 
Stoichiometry of Cu(II) reduction by genistein and biochanin A: 
It has been previously suggested that the redox cycling of Cu(ll) /Cu([) is an 
essential element in the induction of copper assisted oxidative DNA breakage 
(Hadi et al 2000). To asses the relative efficiency of reduction of Cu(II) by 
genistein and biochanin A, stoichiometric studies were carried out. Job plots of 
absorbance vs [Cu(II)]/[Isoflavone] show that genistein and biochanin A 
reduce Cu(II) to Cu(I) with an approximate stoichiometiy of 1;5 and 13 
respectively (fig.39).It would appear from the results that both genistem and 
biochanin A can bind and reduce Cu(II). However, it can be inferred irom the 
figure that genistein is more efficient reducer of Cu(II) than biochanin A. 
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Figure 32: Standardization of Comet Assay using a system of 
permeabilized lymphocytes 
HzOzdJM) 
Permeabilized lymphocytes were incubated with the reaction mixture (2.0 ml) 
containing 0.4 M phosphate buffer (pH 7.5) and indicated concentrations of 
H2O2 (0-20 nM) at 37 °C for 30 min and processed further for Comet Assay as 
described in "Methods". Comet tail length (\i metres) plotted as a function of 
increasing concentrations of H2O2 (0-20 |iM). All points represent mean of 
three independent experiments. Error bars denote ± SEM. P value < 0.05 and 
significant when compared to control. 
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Figure 33: A comparison of DNA breakage induced by genistein and 
its methylated structural analogue biochanin A 
(A) 
10 20 
Isoflavone (|JM) 
(B) 
10 20 30 
Isoflavone (pM) 
40 50 
A comparison of DNA breakage induced by genistein (•) and biochanin A (•) 
in (A) Intact lymphocytes and (B) Permeabilized lymphocytes as a function of 
comet tail lengths. Values reported are ±SEM of three independent 
experiments. P< 0.01 by comparison with control (in the absence of isoflavone) 
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Table VI: Effect of scavengers of reactive oxygen species on isoflavone 
induced DNA breakage in permeabilized lymphocytes 
Dose 
Untreated 
Genistein (50^M) 
+ Catalase(100^g/ml) 
+ SOD (lOO^ig/ml) 
+Thiourea (ImM) 
Biochanin A (50^M) 
+ Catalase(100jig/ml) 
+ SOD (lOOng/ml 
+ Thiourea (ImM) 
Tail length (jim) 
02.53 ±0.17 
35.24 ±2.82' 
24.39 ±2.14* 
20.62 ± 1.65* 
04.67 ± 1.18* 
27.19 ±2 .3f 
17.05 ±1.23* 
15.28 ±1.17* 
10.12 ± 1.01* 
Inhibitioi 
-
-
30.72% 
41.48% 
58.37'^ /o 
-
37.29% 
43.80% 
62.78% 
*p<0.05 as compared with control (#).Data represent ± S.E.M of three 
independent experiments 
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Table VII: Effect of various metal chelators on DNA degradation m 
lymphocytes induced by isoflavones. The values shown represent isoflavone 
induced DNA breakage in whole lymphocytes and permeabilized lymphocytes 
in the presence of metal chelators measured as a percentage of the contiol 
(DNA breakage induced by isoflavone in the absence of any chelator) 
Dose 
Genistein 
(50nM) 
+ Neocuproine 
(lOO i^M) 
+ Bathocuproine 
(lOOuM) 
+ Histidine 
(lOOuM) 
+ Desferrioxamine 
mesylate (100|iM) 
Biochanin A 
(50nM) 
+ Neocuproine 
(lOO^M) 
+ Bathocuproine 
(lOOf^ M) 
+ Histidine 
(100|iM) 
+ Desferrioxamine 
mesylate (100|iM) 
Whole lym 
Tail length 
()im) 
26.32 ±2.13' 
17.16 di 0.78 
26.04 ± 1.80 
25.59 ± 1,63 
26.70 ±2.01 
20.76 ±1.82" 
09.34 ±0,27 
20.80 ± 1.52 
21.53±2.10 
20,65 ±1.72 
iphocytes 
% of Control 
-
65.19 ±4.53 
98.93 ±6.85 
97.26 ±6. 37 
101.48 ±7.28 
-
44.99 ±2.93 
100.24 ±7.32 
103.75 ±9,77 
99.51 ±8.37 
Permeabilized lymphocytes 
Tail length 
()im) 
35.76 ±2.67^ 
24.84 ± 1,29 
20,42 ±0.69 
36.20 ±2,81 
35,24 ±2.30 
26,94 ±2,21^ 
15,24 ±0,56 
10,58 ±0,32 
26.17 ±2.00 
26.46 ±2.20 
% of Contiol 
-
69,49 ± 5,:i 
57.12 ±3.4] 
101 25 i 7 79 
98,.S7±6,53 
-
56.S7±3.68 
39.K)± 2,«)8 
97.1'7±7.(o5 
98,21 ±8,32 
''p<0.05 as compared with untreated whole lymphocytes (Tail length 
2.30±0.13) 
p<0.05 as compared with untreated permeabilized lymphocytes (Tail length 
=2.72±0.17) 
Data represent ± S.E.M of three independent experiments 
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Figure 34: H2O2 generation by tannic acid and isoflavones in the 
incubation medium 
25 50 100 200 
Polyphenol (pM) 
300 
A comparison of the rate of H2O2 formation by tannic acid ( • ) with 
isoflavones genistein (Eai ) and biochanin A ( H ) in the incubation medium of 
the lymphocytes as determined by Fox assay 
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Figure 35: A comparison of Cellular DNA breakage induced by isoflavones 
and tannic acid 
10 20 
Polyphenol (|JM) 
50 
A comparison of DNA breakage induced by tannic acid ( • ), genistein ( ^ ) 
and biochanin A (11 ) in human peripheral lymphocytes as a function of comet 
tail lengths. Values reported are ±SEM of three independent experiments 
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Figure 36: DNA breakage induced by TBHP in lymphocytes as measured 
by Comet assay 
40 
35 H 
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100 
Reaction mixture (1.0 ml) containing lymphocytes, PBS Ca^ ^ and Mg^' free and 
indicated concentrations of TBHP (0-100 ^M) was incubated at 37 °C for 1 hr 
and processed further for Comet Assay as described in "Methods". Comet tail 
length (n metres) plotted as a function of increasing concentrations of TBHP 
(0-100 |iM). All points represent mean of three independent experiments. Error 
bars denote ± SEM. P value < 0.05 and significant when compared to contiol. 
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Figure 37: Antioxidant activity of ascorbic acid against TBHP induced 
DNA breakage in lymphocytes as measured by Comet assay 
0 5 10 
Ascorbate (|JM) 
15 
Reaction mixture (1.0 ml) containing lymphocytes, PBS Ca^" and Mg"" free and 
indicated concentrations of ascorbic acid (0-15 ^M) was incubated at 37 °C for 
30 min. After pelleting, the cells were washed twice with PBS Ca^  and Mg" 
free before resuspension in PBS, layered and further incubated for 30 min m 
the presence of 50 ^M TBHP (see methods). Comet tail length (u meties) 
plotted as a function of increasing concentrations of ascorbic acid. All points 
represent mean of three independent experiments. Error bars denote t SEM. P 
value < 0.05 and significant when compared to control. 
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Figure 38: A comparison of the antioxidant activity of isoflavones genistein 
and biochanin A against TBHP induced DNA breakage in lymphocytes as 
measured by Comet assay 
4 6 8 
Isoflavone (pM) 
10 12 
A comparison of antioxidant activities of genistein (A) and biochanin A (•) as 
a function of decreasing tail length of comets against TBHP induced oxidative 
DNA breakage in human peripheral lymphocytes as assessed by comet assay. 
Values reported are ±SEM of three independent experiments 
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Figure 39: Stoichiometry of Cu(II) reduction by genistein and biochanin A 
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Detection of stoichiomentry of isoflavone-Cu(II) interaction. The concentration 
of genistein (•) and biochanin A (•) were 25 ^M in the presence of 0 4niM 
bathocuproine. The absorbance of samples at 480 nm is plotted vs equivalents 
of Cu(II) per molar equivalent of compounds. All points represent triplicate 
samples and the mean values are plotted. 
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DISCUSSION-III 
In order to examine the significance of the structural features of isoflavones 
towards their chemopreventive effects, the structure-activity relationship 
between two related isoflavones genistein and biochanin A have been studied 
(Ullah et al.,2009). As can be inferred from the results given in this chapter 
genistein is a more efficient prooxidant as well as antioxidant relative t(t 
biochanin A. It has been reported earlier that both the prooxidant and the 
antioxidant activities of a flavonoid depend upon the number of hydroxy I 
substitutions in its backbone structure (Simic et al., 2007). Our results are in 
agreement with these findings and we believe that hydroxyl groups are 
essential features responsible for the biological activities of isoflavones. 
Further it has also been shown that modification of the hydroxyl groups may 
alter the biological activity of phenoHcs. For example it has been repoited that 
the methylation of the 3-hydroxyl group in protocatechuic acid to form vanillic 
acid caused significant reduction of the radical scavenging capacity (Cao et al, 
1997). It has also been reported that the formation of 3,4'-dimethylether or 
3,4',7-trimethylether in kaempherol (3,4',5,7-tetrahydroxyflavone) inactivated 
the prooxidant activity of the flavone (Simic et al., 2007). Similarly, Liu and 
coworkers have reported that of various synthetic structural analogues of 
resveratrol, 3, 5,4'- tri-methoxy-trans-stilbene was ineffective m both 
antioxidant as well as prooxidant activities (Zheng et al., 2006). The oxidation 
of flavonoid to yield stable phenoxyl radical is facilitated through election 
delocalization. It is believed that presence of electron donating or withdrawing 
groups at the aromatic system strongly influences the redox potential of 
phenols. The presence of electron-donating groups such as methyl group makes 
the aromatic structure rich in electrons. This confers a higher degree of 
instability to the phenoxyl radical which in turn reduces the redox efficiency of 
the process (Majo et al, 2005; Zheng et al., 2006). Furthermore, it has been 
shown that apart from inducing greater DNA breakage, genistein is also a more 
efficient reducer of Cu(II) than biochanin A. The correlation between the DNA 
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cleavage activity and the reducing potential of the compounds indicates that the 
electron transfer between isoflavones and endogenous copper may play a 
crucial role in the prooxidant activity of the isoflavones. This is also in 
agreement with the finding where genistein was shown to posses a lower IC^ s i 
for apoptosis induction than biochanin A in various cancer cell lines (Su et al , 
2003). Thus the structural feature responsible for a greater chemopreventive 
and anticancer activity of genistein is the presence of a free 4'-OH group. It 
would thus appear that the structural features of isoflavones that are important 
for the antioxidant activity are also the same that contribute to their prooxidant 
potential through a mechanism that involves redox cycling of chromatin-bound 
nuclear copper. 
It may be mentioned that some plant polyphenols including genistein have 
been shown to cause regression of tumours in animal models (Gupta et al , 
2001; Orsolic et al., 2005; Wang et al., 2007). Earlier it has been proposed that 
an important mechanism for the cytotoxic action of plant-derived polyphenol!c 
compounds against cancer cells could be the mobilization of endogenous 
copper ions and the consequent pro-oxidant action (Hadi et al., 2007) In 
further support of this hypothesis, a lysed version of comet assay was used to 
demonstrate the direct interaction of isoflavones with cell nuclei that leads to 
oxidative DNA breakage (chapter II). However since the lysed version required 
the preparation of cell nuclei at an alkaline pH, there existed a possibility that 
the cellular DNA might undergo some structural changes, which ma> be 
responsible for the enhanced DNA breakage. In order to mle out the possibility 
of such a structural change in cellular DNA, in this chapter, permeabilized cells 
were prepared at neutral pH (Czene at al., 1997), thereby eliminating the need 
for pretreatment of cells at an alkaline pH and allowing the isoflavones to 
interact with cell nuclei at physiological pH. The results obtained with Cu (I) 
specific chelators (neocuproine and bathocuproine) are the same as in the 
previous chapter. Further, using either whole cells or permeabilized cells, iron 
and zinc specific chelators did not cause inhibition of isoflavone-induced 
01 
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cellular DNA degradation. It may be mentioned that copper and zmc are the 
major metal ions present in the nucleus (Bryan, 1979). Thus our result strongl> 
indicates that genistein and biochanin A induced cytotoxic action involves 
mobilization of nuclear copper. 
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Qenistein induces cell death in 
human cancer cells in culture 
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RESULTS-IV 
Genistein inhibits growth of MDA-MB-231 and MDA-MB-468 cells: 
In order to verify cancer cell growth inhibition by genistein, cells from two 
breast cancer cell lines MDA-MB-231 and MDA-MB-468 were subjected to 
treatment with varying concentrations of genistein in a MTT assay. As can be 
seen from the results given in figure 40 (A&B), genistein caused a clear 
concentration dependant inhibition of growth in human breast cancer cells 
These results are in agreement with earlier studies which have shown gem stem 
to possess anticancer activity against various other cancer cell lines [Bannerjee 
etal.,2007]. 
Neocuproine inhibits the anticancer activity of genistein against MDA-
MB-231 and MDA-MB-468 cells: 
Previously it has been shown that copper chelators neocuproine and 
bathocuproine are able to inhibit the oxidative breakage of cellular DNA 
(Chapter II), suggesting the involvement of endogenous copper in the process 
In the experiment given in figure 41 (A&B) it has been shown that copper 
chelator neocuproine is able to protect the cancer cells MDA-MB-231 and 
MDA-MB-468 against the cytotoxic action of genistein, thus confirming the 
idea that anticancer mechanism of genistein involves mobilization ol 
endogenous copper. 
Genistein induced apoptosis in cancer cells is inhibited by copper chelator 
but not by iron or zinc chelator: 
In order to examine the ability of genistein to induce apoptosis in cancer cells. 
histone/DNA ELISA assay was performed using MDA-MB-231 and VIDA-
MB-468 cells. As can be observed from the results given in figure 42 (A&B). 
exposure of cancer cells to genistein (50 |iM) for varying time intervals (24h-
96h) leads to a progressive increase in the absorbance at 405 nm. Further the 
effect of metal chelators was also tested against the genistein induced 
apoptosis. As given in figure 42 (A&B) and figure 43, copper chelator 
neocuproine shows a protective effect to a significant degree whereas such 
protection was not observed to an appreciable extent when either iron or zinc 
chelators were used (fig.43). 
Genistein limits the cancer cell proliferation in a clonogenic assay: 
Figure 44 gives the result of a clonogenic assay that was performed to support 
the above findings which demonstrated that the antiproliferative activity of 
genistein in cancer cells is mediated by endogenous copper (fig 40). 
Clonogenic or colony formation assay is an in vitro cell survival assay based on 
the ability of a single cell to grow into a colony. The assay is designed to assess 
a cell's ability to grow unattached to a surface and it is a method of choice to 
determine cell's reproductive death after treatment with a cytotoxic agent. As 
shown in figure 44, treatment of MDA-MB-231 cells with genistein resulted in 
the reduction of anchorage independent colonies. However, the presence of 
copper chelator neocuproine nullifies the effect of genistein leading to cancer 
cell survival as the number of colonies was found similar to that of contiol (in 
the absence of genistein). 
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Figure 40: Inhibition of cell growth by genistein in breast cancer cell lines 
(A) MDA-MB-231 and (B) MDA-MB-468 
(A) 
(B) 
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The effect of genistein on cell growth in (A) MDA-MB-231 and (B) MDA-MB-468 
breast cancer cells as detected by MTT assay. The cells were incubated with indicated 
concentrations of genistein for 96 h. MTT assay was performed as described in 
"Methods". All results are expressed as percentage of control ± standard deviation of 
triplicate determinations from three independent experiments. P value < 0.01 when 
compared to untreated control. 
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Figure 41: Effect of neocuproine on cell growth Inhibition by genistein in 
breast cancer cell lines (A) MDA-MB-231 and (B) MDA-MB-468 
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The effect of copper chelator neocuproine on genistein-induced cell growth 
inhibition in (A) MDA-MB-231 and (B) MDA-MB-468 breast cancer cells as 
detected by MTT assay. The cells were incubated with indicated concentrations 
of genistein alone (•) and in the presence of 50[xM neocuproine («) for 96 h. 
MTT assay was performed as described in "Methods". All results are expressed 
as percentage of control ± standard deviation of triplicate determinations from 
three independent experiments. P value < 0.01 when compared to contiol. 
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Figure 42: Effect of neocuproine on apoptosis induction by genistein in 
breast cancer cell lines (A) MDA-MB-231 and (B) MDA-MB-468 
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The Cell Death Detection ELIS A Kit (Roche, Palo Alto, C A) was used to detect 
apoptosis in (A) MDA-MB-231 and (B) MDA-MB-468 breast cancer cells 
treated with genistein in the absence and presence of neocuproine as indicated 
in the figure and described in "Methods". Values reported are ±SEM of three 
independent experiments. P< 0.01 was considered significant. 
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Figure 43: Effect of copper, iron and zinc chelators on apoptosis induction 
by genistein in breast cancer cell MDA-MB-231 
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The Cell Death Detection ELISA Kit (Roche, Palo Alto, CA) was used to detect 
apoptosis in MDA-MB-231 breast cancer cells treated with genistein in the 
absence and presence of copper chelator neocuproine, iron chelator 
desferioxamine mesylate and zinc chelator histidine as indicated in the figure 
and described in "Methods". Values reported are ±SEM of three independent 
experiments. P value < 0.01 when compared to control. 
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Figure 44: Response of breast cancer cells MDA-MB-231 to treatment with 
genistein in the presence of copper, iron and zinc chelators in a 
clonogenic assay 
100n Genistein 25nM Genistein 50nM 
- Neocuproine (SO^M) 
- Desferoxamine 
mesylate(50|iM) 
+ Histidine{50nM) 
MDA-MB-231 cells (3 x 10 )^ were plated in 24-well plates as described in 
"Method". Culture was supplemented with different concentrations of genistein 
with or without metal chelators as indicated in the figure. After appropriate 
culture time (22 days), colonies (>50 cells) were counted. Experiments were 
carried out in quadruplicate and mean values are reported. 
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DISCUSSION-IV 
Based on our studies using human peripheral lymphocytes, in the previous 
chapters we have proposed a mechanism for the cytotoxic action of isoflavones 
that involves mobilization of endogenous copper ions and consequent DNA 
degradation through the generation of ROS. Studies in the present chapter 
demonstrate that genistein-mediated cell growth inhibition in cancer cells could 
be reversed by copper chelator neocuproine thus confirming the role of 
endogenous copper in the cytotoxic action of genistein against cancer cells We 
have earlier suggested that the preferential cytotoxicity of plant polyphenols 
towards cancer cells is explained by the observation made several decades 
earlier which showed that copper levels in cancer cells are significantly 
enhanced in various malignancies. Since cancer cells contain elevated levels of 
copper, they may be more subject to electron transfer with polyphenols (Zheng 
at al., 2006) to generate reactive oxygen species. Thus, because of higher 
intracellular copper levels in cancer cells it may be predicted that the cytotoxic 
concentrations of polyphenols required would be lower in these cells as 
compared to normal cells. Such lower cytotoxic concentrations of polyphenols 
against cancer cells have been demonstrated (Chen et al., 1998; Lu et al.. 
2000).Thus the mechanism proposed by us would be an alternative, non-
enzymatic and copper-dependent pathway for the cytotoxic action of these 
compounds that are capable of mobilizing and reducing endogenous copper, .A.s 
such this would be independent of Fas and mitochondria mediated programmed 
cell death. Several studies have indicated that apoptosis induction by several 
polyphenols and other anti-cancer agents is independent of caspases and 
mitochondria (Piwocka et al., 1999; Leist and Jaattela, 2001) and is 
accompanied by an increase in the intracellular levels of ROS (Yoshma et al, 
2004; Noda et al., 2007; Heiss et al., 2007). This is also consistent with our 
hypothesis where we propose that plant polyphenols mobilize chromatin-bound 
copper which is redox cycled and which in turn leads to the formation of 
reactive oxygen species. 
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Based on the work presented in this thesis, I would finally like to conclude that 
mobilization of nuclear copper by plant polyphenols and the consequent 
prooxidant action could be one of the important mechanisms for then 
anticancer and chemopreventive properties. Indeed such a common mechanism 
better explains the anti-cancer effects of polyphenols with diverse chemical 
structures as also the preferential cytotoxicity towards cancer cells. 
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Cellular DNA breakage by soy isoflavone genistein and 
its methylated structural analogue biochanin A 
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Epidemiological studies have indicated that populations with high isoflavone intake through 
soy consumption have lower rates of breast, prostate, and colon cancer. The isoflavone 
polyphenol genistein in soybean is considered to be a potent chemopreventive agent against 
cancer. In order to explore the chemical basis of chemopreventive activity of genistein, in this 
paper we have examined the strucmre-activity relationship between genistein and its struc-
tural analogue biochanin A. We show that both genistein and its methylated derivative 
biochanin A are able to mobilize nuclear copper in human lymphocyte, leading to degrada-
tion of cellular DNA. However, the relative rate of DNA breakage was greater in the case of 
genistein. Further, the cellular DNA degradation was inhibited by copper chelator (neocu-
proine/bathocuproine) but not by compounds that specifically bind iron and zinc (desfer-
rioxamine mesylate and histidine, respectively). We also compared the antioxidant activity of 
the two isoflavones against tert-butylhydroperoxide-induced oxidative breakage in lympho-
cytes. Again genistein was found to be more effective than biochanin A in providing 
protection against oxidative stress induced by tert-butylhydroperoxide. It would therefore 
appear that the structural features of isoflavones that are important for antioxidant properties 
are also the ones that contribute to their pro-oxidant action through a mechanism that 
involves redox cycling of chromatin-bound nuclear copper. 
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1 Introduction 
Cancer development is a dynamic and long-term process that 
involves many complex factors through critical steps of 
initiation, promotion, and progression, leading to an uncon-
trolled growth of cancerous cells throughout the body. It is 
believed that dietary constituents derived firom plant sources 
have the abihty to modify the process of carcinogenesis, thus 
relating the foodstuffs, beyond their basic nutritional benefits. 
Correspondence: Professor S. M. Hadi, Department of 
Biochemistry, Faculty of Life Sciences, AMU, Aligarh-202002, 
Uttar Pradesh, India 
E-mail: smhadi@vsnl.com 
Abbreviations: FOX, ferrous oxidation-xylenol orange; ROS, 
reactive oxygen species; SOD, superoxide dismutase; TBHP, 
tert-butv^t^VtStoperoxide 
to disease prevention [1, 2). Consistent with this observation 
are the epidemiological findings associating high soy 
consumption with lower incidences of breast, prostate, and 
colon cancer in Asian countries, particularly in Japan [3-5]. It 
has been suggested that the isoflavone constituents provide at 
least part of the protective effect of soy food [6]^  Genistein, a 
predominant isoflavone present in soy, has been shown to 
have potent anticancer properties both in vitro and in vivo 
[7, 8]. However, genistein and some other isoflavones have 
also been shown to stimulate the growth of estrogen receptor 
positive breast cancer cells [9] and to induce endometrial 
stromal cell proliferation in vitro [10]. The 4'-0-methyl deri-
vative of genistein, biochanin A that is a major isoflavone 
constituent in red clover (Trifolium pratense), has also been 
reported to possess cytotoxic properties against cancer ceOs 
[11]. Various other polyphenolic compounds such as flavo-
noids, tannins, curcuminoids, galkscatednirvs, stilbenes, iivd 
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anthocyanidins have been implicated as chemopreventive 
agents [12]. However, the mechanism by which these 
compounds inhibit proliferation and induce apoptosis in 
cancer cells has been the subject of considerable interest. In 
recent years, several reports have docimiented that plant 
polyphenolics including genistein (from soybean) induce 
apoptosis in various cancer cell Unes [13-18]. Of particular 
interest is the observation that a number of these polyphenols 
including EGCG, gallic, resveratrol, and genistein induce 
apoptotic cell death in various cell Unes but not in normal cells 
[14-16, 19]. 
Earlier studies in our laboratory have shown that various 
classes of plant polyphenols including flavonoids [20-25] 
cause oxidative strand breakage in DNA either alone or in 
the presence of transition metal ions such as copper. Copper 
is an important metal ion present in chromatin and is 
closely associated with DNA bases, particularly guanine [26]. 
It is one of the most redox active of the various metal ions 
present in cells. Most of the plant polyphenols possess both 
antioxidant as well as pro-oxidant properties [15, 20] and we 
have earlier proposed that the pro-oxidant cytotoxic action of 
polyphenolics may be an important mechanism of their 
anticancer- and apoptosis-inducing properties [27, 28]. Such 
a mechanism for the cytotoxic action of these compounds 
against cancer cells would involve mobilization of endo-
genous copper ions and the consequent pro-oxidant action. 
The chemopreventive properties of genistein are well 
documented [7, 8, 29]. In order to explore the chemical basis 
of the chemopreventive activity of genistein, in this paper, 
we have examined the structure-activity relationship 
between genistein and its structural analogue biochanin A 
(Fig. 1). Using a cellular system of peripheral lymphocytes 
isolated from human blood and alkaline single-cell gel 
electrophoresis (Comet assay), we show that both genistein 
and biochanin A are able to cause oxidative DNA breakage 
in cells, however, with different efficiencies. Further, we also 
studied the antioxidant potential of the two isoflavones 
against ferf-butylhydroperoxide (TBHP)-induced oxidative 
stress. These studies suggest that both the pro-oxidant and 
antioxidant properties of isoflavones are determined by the 
same structural pattern. 
0CH3 
biochanm A 
Figure 1. Chemical structures of isoflavone genistein and 
biochanin A. 
contained <2% methanol (v/v). To test any effect of solvent 
on the DNA breakage and antioxidant studies, methanol 
solution was added to the cells at the final concentration of 2% 
v/v, which was the highest concentration of methanol used in 
the isoflavone-treated reaction medium. No difference was 
observed with or without methanol, indicating that the 
methanol at the tested concentrations did not influence the 
results. For FOX assay, the solvent control concentration 
varied between 1 and 12% v/v and again no influence of the 
solvent was observed on the results. On addition to reaction 
mixtures, ki the presence of buffers mentioned and at 
concentrations used, all the polyphenols used remained in the 
solution. The volumes of stock solution added did not lead to 
any appreciable change in the pH of reaction mixtures. 
2.2 Isolation of lymphocytes 
2 Materials and methods 
2.1 Materials 
Genistein, biochanin A, ascorbic add, tannic acid, neocu-
proine, bathocuproine disulphonate, superoxide dismutase 
(SOD), agarose, low melting point agarose, RPMI1640, Triton 
X-100, Trypan blue, Histopaquel077, and PBS Ca^ "^  and 
Mg^^ free were purchased from Sigma (St Louis, MO). AH 
other chemicals were of analytical grade. Fresh solutions of 
genistein and biochanin A were prepared as a stock of 2.5 mM 
in absolute methanol. In aU the studies (except ferrous 
oxidation-xylenol orange (FOX) assay), the reaction mixture 
Heparinized blood samples (2mL) from a single healthy 
donor was obtained by venepuncture and diluted suitably 
in Ca^*- and Mg "^^ -free PBS. Lymphocytes were isolated 
from blood using Histopaque 1077 (Sigma) and the 
cells were finally suspended in RPMI 1640. A single donor 
(M. F. Ullah) donated blood for all experiments. 
2.3 Viability assessment of lymphocytes 
The lymphocytes were checked for their viability before the 
start and after the end of the reaction using Trypan Blue 
Exclusion Test [30]. 
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2.4 Treatment of lymphocytes and evaluation of 
DNA breakage by alkaline single-cell gel 
electrophoresis (Comet assay) 
Lymphocytes isolated from 2 mL blood were diluted to the 
count of 2 X 10* cells/2 mL and suspended in RPMI 1640. 
Approximately 10000 of these cells were mLxed with 75 nL 
of pre-warmed low melting point agarose in PBS and 
immediately apphed to a frosted microscopic slide layered 
with 75 (iL of 1% standard agarose in PBS. The slides were 
allowed to gel at 4'C for lOmin. The layered l>Tnphoc>tes on 
slides were then subjected to treatment with isoflavones and 
processed farther for Comet assay as already described [31]. 
Treatment of lymphocytes with isoflavones was also 
carried out using permeabUized cells [32], For this purpose, 
lymphocytes prior to treatment with isoflavones were 
exposed to the permeabilization solution (0.5% Triton X-100 
in 0.0(HM Tris-HCl, pH 7.4) for lOmin on ice. For treat-
ment, each sUde was then transferred to a rectangular dish 
(8 cm X 3 cm X 5 mm) that contained a reaction mixture of 
isoflavones and other additions as mentioned in various 
legends to figures and tables. The slides with the reaction 
mixture were incubated at 37"C for desired time periods (1 h 
for whole cells/30 min for permeabilized cells) and were 
then washed twice by placing in 0.4 M phosphate buffer pH 
7.5 for 5 min at room temperature before being processed 
further for Comet assay. 
For antioxidant study [33], the ceDs were preincubated 
with isoflavones in eppendorf tubes in a reaction volume of 
ImL. After the preincubation (for 30min at 37"C), the 
reaction mixture was centrifuged at 4000 rpm, the super-
natant was discarded, and the peletted lymphocytes were re-
suspended in 100jiL of PBS (Ca^^ and Mg^+ free) and 
layered for further treatment with TBHP (SOfjM). The 
incubation period was 30 min at 37°C in dark. The other 
conditions remained the same as described earher. 
2.5 Stoichiometric titration of Cull) production 
The stoichiometry of Cu(I) production was measured by 
mixing the isoflavones (25 nM) in 10 mM Tris-HCl; pH 7.5, 
with varying amounts of CuCla (5-200 pM) and a stock 
bathocuprotne solution to give a final concentration of 
0.4 mM in a total volume of 3 mL. Bathocuproine complexes 
with Cu(I) to form a Cu {Bathocuproine)2 complex, which 
absorbs maximally at 480 imi. Absorbance was recorded at 
480 nm after 1 h incubation at 37°C in dark [34]. 
2.6 Detection of H202 in the incubation medium by 
FOX assay 
The FOX assay [35] was adapted to detect and quantify the 
generation of H2O2 in the incubation medium (RPMI 1640, 
phosphate buffer 0.4 M, pH 7.5) by various isoflavones. The 
ccc 
simplified reaction sequence involves the oxidation of 
ferrous (Fe'"") to ferric (Fe""j ions by H2O2 with the 
subsequent binding of die Fe^^ ion to the ferric-sensitive 
dye xylenol orange, yielding an orange to purple complex, 
which is measured at 560 nm. The reaction mixture 
contained the isoflavones along with the incubation 
medium used in the treatment of lymphocytes After incu-
bation for 2h at 37°C, an aliquot of 200pL was analyzed for 
H2O2 formation [31]. 
2.7 Statistics 
The statistical analysis was performed as described by Tice 
et al. [36] and is expressed as +SEM of three independent 
experiments. A student's t-test was used to examine statis-
tically significant differences. Analysis of variance was 
performed using ANOVA. p-Values <0.05 were considered 
statistically significant. 
3 Results 
3.1 DNA breakage by isoflavones in cellular and 
permeabilized lymphocytes as measured by 
Comet assay 
Single<;ell gel electrophoresis (Comet assay) is a sensitive 
technique to quantify DNA damage in cellular system. In the 
original version of the assay, cells embedded in agarose 
microscopic slides were lysed and subjected to electrophoresis 
under neutral conditions enabling the detection of DNA 
double-strand breaks [37]. A later modification using alkaline 
conditions made it possible to detect DNA single-strand 
breaks and alkaline-labile sites in DNA [38]. Further, in case 
two single-strand breaks are closely opposed, they show up as 
a double strand break. We have previously shown that the 
various classes of polyphenols on incubation with human 
peripheral lymphocytes are able to degrade cellular DNA and 
that such degradation can be measured by Comet assay [25, 
39]. Studies from other laboratories such as by Cemeli et al. 
have also used Comet assay to demonstrate that estrogen-Uke 
compounds such as diethylstilbestrol, daidzein, and genistein 
induce DNA breakage in lymphocytes that is mediated by 
reactive oxygen species (ROS) [40]. In the present experiment, 
increasing concentrations of genistein and biochanin A (10, 
20, and 50 pM) were tested for DNA breakage in isolated 
lymphocytes using alkaline single-cell gel electrophoresis 
(Comet assay). As can be seen in Fig. 2A, there is a dose-
dependant increase in the DNA breakage induced by genis-
tein and biochanin A with dear tail lengths indicative of 
significant breakage of ceUixiar DNA. We further tested the 
effect of these isoflavones on permeabilized lymphocytes at 
the same concentrations (Fig. 2B). Use of permeabilized 
lymphocytes allows the direct interaction of isoflavones with 
cell nuclei at physiological pH, eliminating the need to first 
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Figure 2. A comparison of DNA breakage induced by genistein 
( • ) and biochanin A ( • ) in (A) intact lymphocytes and (B) 
permeabilized lymphocytes as a function of comet tail lengths. 
Values reported are +SEM of three independent experiments. 
p<0.01 by comparison with control (untreated cells). 
lyse the cells at alkaline pH and then re-suspending them at 
neutral pH as we have done previously [31]. Thus, consider-
ably greater DNA breakage should be observed in permeabi-
lized lymphocytes as compared with the intact cells. Figure 2B 
in comparison to Fig. 2A shows that the rate of tail formation 
induced by genistein and biochanin A is greater in the case of 
permeabilized lymphocytes suggesting that isoflavones are 
able to interact with the nuclei when a permeabilized system 
is used. However, in both intact and permeabilized cells, the 
rate of DNA breakage is greater in the case of genistein 
relative to biochanin A. 
3.2 Effect of reactive oxygen scavengers on the 
isoflavone-induced DNA breakage In 
permeabilized lymphocytes 
It is previously established from our work that the plant 
poi)'phenol-mediated DNA cleavage is inhibited to signih-
Mol. Nutr. Food Res. 2009, 9, 1-10 
cant degrees by various scavengers of ROS [31, 39]. Table 1 
gives the result of an experiment where the effect of catalase, 
SOD, and thiourea were tested on isoflavone-induced DNA 
degradation in permeabilized lymphocytes. All three caused 
significant inhibition of DNA breakage as evidenced by the 
decreased tail length of comets. Catalase and SOD remove 
H2O2 and superoxide, respectively, and thiourea removes 
hydroxyl radicals. From the data, we conclude that the 
isoflavone-induced cellular DNA degradation is the result of 
the formation of ROS of which superoxide anion and the 
hydroxyl radical are the proximal DNA damaging agents. It 
is to be noted that the generation of superoxide anion may 
spontaneously lead to the formation of H7O7. which in turn 
causes the formation of hydroxyl radical through oxidation 
of reduced transition metals such as copper {Fenton reac-
tion) [41]. However, it may be mentioned that due to the site-
specific nature of the reaction of hydroxyl radicals with 
DNA, it is difficult for any trapping molecule to intercept 
them completely [32J. 
3.3 Effect of metal-specific chelators on the 
isoflavone-induced DNA breakage in cellular and 
permeabilized lymphocytes 
In the experiment shown in Table 2, we have used various 
metal-specific chelators, which selectively bind to copper, 
iron, and zinc, to study their effect on isoflavone-induced 
DNA degradation in whole lymphocytes as well as in 
permeabilized cells. In whole cells, a dear inhibition of 
DNA degradation was observed with neocuproine (a cell 
membrane-permeable Cu(I)-specific chelator). Further, no 
such inhibition was seen with bathocuproine (a water-
soluble membrane-impermeable analogue of neocuproine), 
desferrioxamine mesylate (an Fe(II)-specific chelator), and 
histidine (a zinc-specific chelator). However, in permeabi-
lized lymphocytes, both neocuproine and bathocuproine 
Table 1. Effect of scavengers of reactive oxygen species on 
isoflavone-induced DNA breakage in permeabilized 
lymphocytes 
Dose 
Untreated 
Genistein (SOfiM) 
Catalase (lOGng/mL) 
SOD(100ng/mL) 
Thiourea (1 mM) 
Biochanin A (SOjiM) 
Catalase (100ng/mL) 
SOD (100ng/mL) 
Thiourea (1 mM) 
Tail length (nm) 
02.53 + 0.17 
35.24 + 2.82= 
24.39 + 2.14* 
20.62+1.65* 
14.67 + 1.18* 
27.19 + 2.31' 
17.05±1.23* 
15.28+1.17* 
10.12+1.01* 
Inhibition (%) 
30.72 
41.48 
58.37 
37.29 
43.80 
62.78 
*p<0.05 as compared with control (S). Data represent +SEM of 
three independent experiments 
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Table 2. Effect of various metal chelators on DNA degradation in lymphocytes induced by isoflavones 
ccc 
Whole lymphocytes Permeabilized lymphocytes 
Dose Tail length % of Control Tail length % of Control 
Genistein {SOfiM) 26.32 ±2 .13* 
Neocuproine(100| iM) 17.16 + 0.78 65.19 + 4.53 
Bathocuproine<100nM) 26.04±1.80 98.93±6.85 
Hist id inedOOuM) 25.59±1.63 97.26±6. 37 
Desferioxamine mesylate (lOOuM) 26.70±2.01 101.48 + 7.28 
BiochaninA(50fiM) 20.76 ±1 .82* 
NeocuproinedOOi iM) 09.34 + 0.27 44.99±2.93 
Bathocuproine(IOOnM) 20.80+1.52 100.24±7.32 
Hist id inedOOuM) 21.53±2.10 103.75±9.77 
Desferioxamine mesylate (100^lM) 20.65+1.72 99.51±8.37 
35.76 ±2 .67 * * 
24.84+1.29 
20.42 + 0.69 
36.20 + 2.81 
35.24 ±2.30 
26 .94±2 .21* * 
15.24±0.56 
10.58 ±0.32 
26.17 ±2.00 
26.46 ±2.20 
69.49 + 5.21 
57.12 + 3.41 
101.25±7.79 
98.57 ±6.53 
56.57 + 3.68 
39.30 + 2.98 
97.17 + 7.65 
98.21+8.32 
The values shown represent isoflavone-induced DNA breakage in whole lymphocytes and permeabilized lymphocytes in the presence of 
metal chelators measured as a percentage of the control (DNA breakage induced by isoflavone in the absence of any chelator). Data 
represent +SEM of three independent experiments. 
*p<0.05 as compared with untreated whole lymphocytes (tail length =2.30 + 0.13). 
* 'p<0 .05 as compared with untreated permeabilized lymphocytes (tail length = 2.72 + 0.17). 
were found to inhibit the DNA breakage while iron and zinc 
chelators were still ineffective in causing such inhibition. 
Bathocuproine disulphonic acid, which is impermeable to 
cell membrane, may freely traverse through permeabilized 
cells to directly interact with the cell nuclei. Further, it may 
be noted that the nuclear pore complex is permeable to 
small molecules. Therefore, we take these results to suggest 
that isoflavones mobilize chromatin-bound copper, leading 
to oxidative DNA breakage. 
3.4 Stoichiometry of Cu(ll) reduction by genistein 
and biochanin A 
It has been previously suggested that the redox cycling of 
Cu(II)/Cu(I) is an essential element in the induction of 
copper-assisted oxidative DNA breakage [27]. To assess the 
relative efficiency of reduction of Cu(Il) by genistein and 
biochanin A, stoichiometric studies were carried out. Job 
plots of absorbance versus [Cu(II)]/[Isoflavone] show that 
genistein and biochanin A reduce Cu(II) to Cu(I) with an 
approximate stoichiometry of 1:5 and 1:3, respectively 
(Fig. 3). It would appear from the results that both genistein 
and biochanin A can bind and reduce Cu(II). However, it 
can be inferred from the figure that genistein is more effi-
cient reducer of Cu(II) than biochanin A. 
3.5 H2O2 generation by isoflavones in the 
incubation medium 
It is well known that polyphenols auto-oxidize in cell culture 
media to generate H2O2 and quinone that can enter cells/ 
nuclei causing damage to various macromolecules [42]. This 
may lead to extraneous production of ROS that could also 
2 4 6 8 
Eq of [Cu(IIH/ptoflmone] 
Figure 3. Detection of stoichiometry of isoflavone-Cu(ll) inter-
action. The concentration of genistein ( • ) and biochanin A ( • ) 
were 25nM in the presence of 0.4 mM bathocuproine. The 
absorbance of samples at 480 nm is plotted versus equivalents of 
Cu(ll) per molar equivalent of compounds. All points represent 
triplicate samples and the mean values are plotted. 
account for cellular DNA breakage. In order to examine this 
possibility we have determined the formation of H2O2 by 
isoflavones in the incubation medium and compared it with 
a known generator of H2O2, namely taimic acid [43]. In the 
results given in Fig. 4A, we show that the rate of formation 
of H2O2 by tannic acid in the incubation medium is 
considerably greater whereas that by isoflavones is relatively 
negligible. Further, we have also compared the comet tail 
length formation as a function of increasing concentrations 
of isoflavones and tannic acid. As seen in Fig. 4-A, whereas 
isoflavones show significant tail formation in a dose-
dependant manner, tannic acid is not effective in causing 
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Figure 4. (A) A comparison of the rate of H2O2 formation by 
tannic acid ( • ) , genistein ( Q ) , and biochanin A (| p in the 
incubation medium as determined by FOX assay. (B) A 
comparison of DNA breal<age induced by tannic acid ( • ) , 
genistein ( ^ ) , and biochanin A (I I) in human peripheral 
lymphocytes as a function of comet tail lengths. Values reported 
are +SEM of three independent experiments. 
DNA breakage. These results indicate that cellular DNA 
breakage by isoflavones observed in our studies is not the 
result of extracellular production of H2O2 as there exists no 
correlation between relative HjOj production by tannic acid 
and isoflavones and their ability to cause DNA breakage. 
3.6 Antioxidant activity of isoflavones against 
TBIHP-induced oxidative stress in lymphocytes 
TBHP is a well-known inducer of ROS-mediated oxidative 
stress that results in DNA damage [44, 45]. In the present 
study, we have evaluated the antioxidant potential of genis-
tein and biochanin A in providing protection to lymphocytes 
against TBHP-induced oxidative injury. Ascorbic acid (vita-
min C), a known antioxidant, has been used as a positive 
control in the experiments. Figure 5 shows that whereas all 
4 8 
Concentrstion (pM) 
12 
Figure 5. A comparison of antioxidant activities of ascorbic acid 
(A), genistein ( • ) and biochanin A ( • ) as a function of 
decreasing tail length of comets against TBHP-induced oxidative 
DNA breakage in human peripheral lymphocytes as assessed by 
Comet assay. p<0.05 by comparison with TBHP-treated positive 
control. Values reported are +SEM of three independent 
experiments. 
the three were able to inhibit the TBHP-induced lymphocyte 
DNA degradation, their relative antioxidant activities were 
different and appeared in the following order; ascorbic 
acid > genistein > biochanin A. The results indicate that 
genistein is a more effective antioxidant as compared to 
biochanin A. 
4 Discussion 
In order to examine the significance of the structural features 
of isoflavones toward their chemopreventive effects, we have 
studied the structure-activity relationship between two related 
isoflavones, genistein and biochanin A. As can be inferred 
from our results, genistein is a more efficient pro-oxidant as 
well as antioxidant relative to biochanin A. It has been 
reported earUer that both the pro-oxidant and the antioxidant 
activities of a flavonoid depend on the number of hydroxyl 
substitutions in its backbone structure [46]. Our results are in 
agreement with these findings and we beUeve that hydroxyl 
groups are essential features responsible for the biological 
activities of isoflavones. Further, it has also been shown that 
modification of the hydroxyl groups may alter the biological 
activity of phenoHcs. For example, it has been reported that 
the methylation of the 3-hydroxyl group in protocatechuic acid 
to form vanillic acid caused significant reduction of the radical 
scavenging capacity [47]. It has also been reported that the 
formation of 3,4'-dimethylether or 3,4',7-trimethylether in 
kaempherol (3,4',5,7-tetrahydroxyflavone) inactivated the pro-
oxidant activity of the flavone [46]. Similarly, I.iu et al. have 
reported that of various synthetic structural analogues of 
resveratrol, 3,5,4'-himethoxv-tracis-stilhene was ineffective in 
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both antioxidant as well as prooxidant activities [48]. The 
oxidation of flavonoid to yield stable phenoxyl radical is 
fadhtated through electron ddocalization. It is believed that 
the presence of electron donating or w-ithdraw-ing groups at 
the aromatic system strongly influences the redox potential of 
phenols. The presence of electron-donating groups such as 
methyl group makes the aromatic structure rich in electrons. 
This confers a higher degree of instabilit)' to the phenox>'l 
radical, which in turn reduces the redox efficiency of the 
process [48, 49]. Furthermore, we have shown that apart from 
indudng greater DNA breakage, genistein is also a more 
efficient reducer of Cu(II) than biochanin A, The correlation 
between the DNA cleavage activity and the reducing potential 
of the compounds indicates that the electron transfer between 
isoflavones and endogenous copper may play a crucial role in 
the pro-oxidant activity of the isoflavones. This is also in 
agreement with the finding where genistein was shown to 
posses a lower IC50 for apoptosis induction than biochanin A 
in various cancer cell lines [50|. Thus, the structiiral feature 
responsible for a greater chemopreventive and anticancer 
activity of genistein is the presence of a free 4'-OH group. It 
would thus appear that the structural features of isoflavones 
that are important for the antioxidant activity are also the 
same that contribute to their pro-oxidant potential through a 
mechanism that involves redox cycling of chromatin-bound 
nuclear copper. 
We have earlier proposed that an important mechanism for 
the cytotoxic action of plant-derived polyphenoUc compounds 
against cancer cells could be the mobilization of endogenous 
copper ions and the consequent pro-oxidant action [27, 28]. This 
is based on several lines of indirect evidence in literahore and 
our own studies where we have shovm that plant polyphenols 
are able to mobilize endogenous copper ions leading to oxida-
tive breakage of cellular DNA [31, 39]. In further support of our 
hypothesis, we have used a lysed version of Comet assay and 
have demonstrated the direct interaction of polyphenols with 
cell nuclei that leads to oxidative DNA breakage [31]. However, 
since the lysed version reqttired the preparation of cell nuclei at 
an alkaline pH, there existed a possibility that the DNA might 
undergo stinctural changes, which may be responsible for the 
enhanced DNA breakage. In order to rule out the possibility of 
such a structural change in cellular DNA, we have carried out 
permeabilization of cells at neutral pH [32], thereby eliminating 
the need for pretreatment of cells at an alkaline pH and 
allowing the isoflavones to interact with cell nuclei at physio-
Ic^cal pH. The results obtained with Cu(I)-spedfic chelators 
(neocuproine and bathocuproine) are the same as in the 
previous study [31]. Further, using either whole cells or 
permeabilized cells, iron- and zinc-spedfic chelators did not 
cause inhibition of isoflavone-tnduced cellular DNA degrada-
tion (Table 2). It may be mentioned that copper and zinc are 
the major metal ions present in the nucleus [51]. Thus, our 
result strongly indicates that genistein- and biochanin 
A-induced c>totoxic action involves mobilization of nuclear 
copper. We have earlier suggested that the preferential cyto-
toxidt)' of plant polyphenols toward cancer cells is explained by 
ccc 
the observation made several decades earlier which showed that 
serum [52, 53], tissue [54],] and intraceUular [55] copper levels m 
cancer cells are significantly enhanced in various maligiwndes. 
Since cancer cells contain derated le.'ds of copper, tiie>' may be 
more subject to eledron tiansfer with polyphenols [48] to 
generate ROS. Thus, because of higher intracellular copper 
levds in cancer cells, it may be predicted that the cytotojdc 
concentrations of pol>'phenols req'Oired would be lower in these 
cells as compared with normal cells. Such lower cytotoxic 
concentrations of pol>T)henols against cancer cells have been 
demonstiated [56, 57]. It may be mentioned tiiat some plant 
polyphenols induding genistein have been shown to cause 
regression of tumors in animal modds [58-60]. Thus, the 
mechanism proposed by us \wM te an alternative, non-
enz>'matic, and copper-dependent patiiway for the qTOtoxic 
action of these compounds that are capable of mobilizing and 
reducing endogenous copper. Indeed such a common 
mechanism better explains the anti-cancer effects of poly-
phenols with diverse chenucal stiiictures as also the prefer-
ential cytotoxidty toward cancer cells. As such this would be 
independent of Fas- and nutochondria-mediated programmed 
cell death. Several studies have indicated that apoptosis induc-
tion by several polyphenols and other anti-cancer agents 
is independent of caspases and mitochondria [61, 62] and is 
accompanied by an increase in the intracellular levds of ROS 
[63-65]. This is also consistent with our hypothesis where we 
propose that plant polyphenols mobilize chromatin-bound 
copper, which is redox cyded and which in turn leads to the 
formation of ROS. 
Further the question of bioavailability of genistein in 
mammalian systems also needs to be addressed. Genistein 
and its metabolites have been detected in plasma, prostatic 
fluid, breast aspirate, cyst fluid, urine, and feces (66-69). 
Studies have reported that the plasma levds of gertistein in 
people having a soy-rich diet could reach up to 5 nM (66|. A 
study targeting phase I pharmacokinetic and pharmacody-
namic analysis following admirustration of unconjugated soy 
isoflavones {containing 43 and 90% gertistein, respectively) to 
individuals with cancer foimd plasma concentration of 
genistein doser to concentrations associated with anticancer 
activity in vitro [70]. It is to be noted that in our shidies the 
concentrations of genistein used (such as lO^M in Fig. 2 and 
4-12/iM in Fig. 5) are fairly dose to the concentrations 
achieved in plasma on consumption of soy-rich diet [66]. 
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